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Superresolution uorescence imaging is an important tool for studying subcellular
structures and processes. A technique with great potential is stochastic optical
uctuation imaging (SOFI), a uorescence imaging modality that yields superre-
solved spatial resolution, 3D-sectioning and high image contrast by making use of
independent temporal intensity uctuations (blinking) of uorescent labels. The
compatibility of SOFI with a large range of blinking kinetics allows for the use of a
great variety of labels. The inherent blinking of Quantum Dots can be utilized as
well as the induced intensity uctuations of organic dyes and uorescent proteins,
allowing for superresolution imaging in a multitude of systems.
Exploiting the natural blinking of Quantum Dots for SOFI is straightforward
and requires merely a basic wideeld microscope and low excitation intensities. The
provided optical sectioning and resolution increase are highly useful for biological
applications, for example enabling the quantication of the distribution of calcium
channels in the neuronal ER membrane in order to link ER structure to properties
of calcium waves.
Studying the organization of live cells with SOFI is enabled by reversibly switch-
able uorescent proteins (RSFPs). RSFPs are a type of uorescent proteins whose
absorption and emission properties depend strongly on illumination. Light of certain
wavelengths stimulates transitions between uorescent and non-uorescent states,
thus opening up the possibility to induce statistically independent temporal inten-
sity uctuations. The dependence of the photoswitching kinetics on the irradiation
intensities of several RSFPs was studied, and Dreiklang and rsEGFP(N205S) were
identied as suitable labels. After conrming the lifetimes of the uorescent and non-
uorescent states with calibration measurements, the induced blinking was used for
SOFI on live mammalian cells.
SOFI is much more robust regarding intensity uctuation kinetics than localiza-
tion methods such as dSTORM. As a result, SOFI can be applied in cases where the
blinking properties render single molecule localization impossible. This is illustrated
by comparing SOFI and STORM results of studies of the organization of the axon
initial segment.
SOFI is highly suitable for densely labeled structures as well as for samples with
only sparse labeling, and for all kinds of blinking kinetics. Superresolved images can
be acquired at low excitation power, limiting photodamage of the sample and the
uorophores even for prolonged data acquisition. Combined with its 3D-sectioning
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capability, this allows for the recording of z-stacks of superresolved images over large
axial distances on a modest wideeld setup. Due to its straightforward and robust




The phenomenon of light emission due to radiative relaxation from an electronic
excited state is generally termed luminescence. It takes on dierent forms and
occurs in many dierent compounds, so called uorophores.
The energy levels and possible transitions of a uorescent organic compound are
illustrated by a Jablonski diagram (Fig. 1). The singlet ground state S0 and the ex-
cited states (rst, second etc. electronic states S1, S2 etc.) of an organic uorophore
each contain several vibrational levels [1]. The spin-allowed radiative relaxation from
an electronic excited state to the ground state is called uorescence. Usually, the
process starts with excitation of an electron from S0 to one of the vibrational levels
of S1, which is followed by non-radiative relaxation to the vibrational ground state
of S1. This internal conversion (IC) takes ∼ 10-12 s. Subsequently, the system relaxes
to a higher vibrational level of S0 under light emission, and further to the vibrational
ground level of S0 by IC. With uorescence lifetimes of ∼ 10 ns (10-8 s), radiative
relaxation is considerably slower than non-radiative vibrational relaxation. Due to
the additional non-radiative vibrational relaxations, not all energy absorbed by the
uorophore is emitted again. Therefore, light emitted by a uorophore is red shifted
relative to the exciting light, causing a dierence between absorption and emission
spectra known as Stokes shift.
Alternatively, intersystem crossing (ISC) from the rst singlet state to the rst
triplet state T1 can occur. After this spin-forbidden transition, the system relaxes
to S0 in a process called phosphorescence. Due to the likewise spin-forbidden nature
of the relaxation, the lifetimes of dark triplet states are orders of magnitude longer
than those of singlet states, typically milliseconds to seconds. T1 is energetically
lower than S1, therefore light of longer wavelength is emitted due to relaxation from
T1 compared to S1.
Organic dyes are a well established class of uorophores. They are aromatic or-
ganic molecules with HOMO-LUMO (highest occupied molecular orbital and lowest
unoccupied molecular orbital) gaps in the energy range of visible light. Regarding
the electronic transitions, the HOMO corresponds to the electronic ground state
and the LUMO to the rst excited state. As a general rule, a molecule with a
more extended π-electron-system has a smaller HOMO-LUMO gap and thus a more
red-shifted spectrum than a molecule with a smaller π-system. For uorescence
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Figure 1. Energy states and transitions in a uorescent molecule illustrated by a Jablonski
diagram. Excitation from the ground state S0 to a vibrational level of the rst excited
state S1 occurs by absorption of light of a suitable wavelength. The system relaxes to
the vibrational ground state of S1 via internal conversion, followed by relaxation to a
vibrational level of S0 under uorescence and non-radiative relaxation to the vibrational
ground level of S0. Phosphorescence is the radiative relaxation from T1 to S0 under spin
conversion and occurs after intersystem crossing.
microscopy, organic dyes are attached to the structures of interest with antibodies
in a process called immunostaining. Fluorescent proteins (FPs) are a related class
of emitters. They are genetically encoded uorophores which can be fused to any
protein by means of molecular biology, allowing for cells expressing uorescent la-
bels linked to the structures of interest. The chromophore, the specic part of the
uorophore responsible for luminescence, is an aromatic system formed from amino
acids. It is enclosed in a protein hull, the β-barrel. Quantum dots (QDots), in con-
trast, are a fundamentally dierent type of uorophore. These small semi-conductor
crystals exhibit uorescence due to quantum connement. Like organic dyes, they
are often used in immunostaining protocols.
1.2 Fluorescence microscopy
Fluorescence microscopy is an immensely important technique for studying cellu-
lar structures and processes using uorophores as labels. Very generally, excitation
light is focused into the sample by a system of lenses. The resulting uorescence
light is then detected either by eye or using a camera. The Stokes shift allows for
the separation of the uorescence light from the excitation light using optical lters
before detection. An example of a uorescence image is shown in Fig. 2. To eluci-
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date the relative positions of dierent parts of a cell, three dierent structures of a
cultured neuron were uorescently labeled. The uorophores were chosen to allow
for separate detection of all emission wavelengths and subsequent merging into one
triple-color image. In the merged image, the nucleus is depicted in blue, the soma-
todendritic region in red and the axon initial segment in green. With uorescence
microscopy and targeted labeling it is thus possible to localize the nucleus, distin-
guish between the axon and the dendrites and determine the extent of the axon
initial segment.
Figure 2. Wideeld uorescence image of nucleus (blue, DAPI), somatodendritic region
(red, MAP2) and axon initial segment (green, PanNaV) of a neuron. Scale bar: 20 µm
In conventional wideeld microscopy, the whole sample is irradiated and light emit-
ted from labels within and away from the focal plane is detected. A drawback of
this approach is its poor optical sectioning capability. In order to obtain a clear
view of the structures in only a narrow slice of the sample, uorescence light from
other areas must be excluded from detection.
Confocal microscopy discards out-of-focus light by focusing the uorescence light
on a pinhole which only light from a small volume in the sample can pass. To obtain
a complete image, the sample is scanned laterally and the image is constructed point
by point. Axially, the uorescence stemming from out of focus areas is prevented
from reaching the detector [2]. However, the scanning speed is limited. Furthermore,
the signal-to-noise-ratio (SNR) often is low due to the detection of only a small part
of the sample uorescence. Accumulating several scans per point or increasing the
detection time per point improves the SNR, but increases the imaging time as well.
A high SNR can also potentially be generated using higher powers of the excitation
light, but this also increases the risk of photobleaching.
For improved scanning speed and SNR, a confocal spinning disk microscope
uses several focal spots of excitation light at a time [3,4]. Commercial spinning disk
units contain two disks that spin synchronously between the light source and the
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objective. The rst disk contains an array of 20,000 spirally arranged microlenses
which collect the excitation light and focus it through the second disk with pinholes,
called the Nipkow disk, in the form of individual beams. The divergent beams from
each pinhole then are focused on the back aperture of the objective when they pass
through the microscope's tube lens. In this manner, the system creates multiple
focal spots moving over the sample. Since the light emitted from the sample upon
excitation has to pass the pinhole array of the Nipkow disk in order to reach the
detector, only uorescence light from the confocal volumes of the multiple focal spots
is detected. To improve the collection eciency, the dichroic mirror is placed between
the two disks and the light through the pinhole array is focused directly on the
detector, thus avoiding the passage through the microlens array. Consequently, the
spinning disk system oers confocal scanning over the sample with several hundreds
of spots simultaneously, thereby increasing the imaging speed and reducing the risk
of photobleaching.
1.3 Resolution limit and point spread function
The general drawback to uorescence microscopy is that the maximum achievable
resolution is limited by fundamental properties of light. For light of wavelength λ,
a refractive index n of the medium, and the half-angle θ of the maximum cone of
light that can enter or exit the lens, the smallest possible lateral distance d of two





where n sin θ = NA is the numerical aperture of the objective lens. This rst de-
nition for the resolution limit was developed by Ernst Abbe [5]. Signals closer than
d cannot be separated. For example, labels emitting at a wavelength of 500 nm,
imaged using an objective lens of NA = 1.4, under the condition of perfect optics
and imaging conditions, are just separable at a distance of around 180 nm. Emitters
closer together cannot be dierentiated with conventional uorescence microscopy.
To measure the resolution of an optical system, the full width at the half max-
imum of the intensity (FWHM) of the point spread function (PSF) is a more con-
venient criterion. The PSF is the response of an imaging system to a point source.
It typically has the shape of an Airy disk but can be approximated as a Gaussian
function. When imaging a point source, the detected uorescence is a convolution of
the original point source with the PSF of the system. Therefore, resolving signals is
Introduction 7











(b) Prole in x-direction
Figure 3. Wideeld image (a) and prole in x-direction (b) of a single QDot with emission
wavelength λem = 525 nm. Eective pixel size = 100 nm, measured FWHM = 264 nm.
possible to a smaller distance when the system has a narrow PSF. The narrower the
PSF, the better resolved are the structural details of an imaged sample, for example












According to Eq. 2, the theoretical lateral FWHM, for NA = 1.4, for the QDots
used to label neuronal neurotransmitter receptors (see section 3) are 191 nm for
the QDots with an emission wavelength of λem = 525 nm (QD525), and 220 nm for
λem = 605 nm (QD605). The PSF is typically measured using a sample of bright
emitters smaller than the resolution limit, like dye-lled spheres or QDots. Fig. 3
shows the image of an individual QDot with λem = 525 nm, measured on a wideeld
setup equipped with LEDs. The FWHMx,y was determined by Gaussian tting of
ten emitters each to be on average 264 nm (± 14 nm) for QD525 and 296 nm (± 20
nm) for QD605. The discrepancy to the theoretical values is due to imperfections in
the optical system.
A related diculty for uorescence imaging is the lower achievable limit of the
focal spot size. Due to diraction, light cannot be focused into a spot of arbitrarily
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small size. Instead, the focal spot takes the shape of an Airy disk characterized by
the wavelength of the focused light and the size of the aperture. As a result, when
excitation light is focused into a sample with uorescent markers, many emitters are
excited at once and are indistinguishable in detection.
The reason for these eects lies in the limitation of optical systems to transmit
high spatial frequencies of the optical transfer function (OTF), the Fourier transform
of the PSF. An optical system acts as a low pass lter, blocking the transmission
of the highest spatial frequencies and ensuring that the OTF always has a nite
support. The larger the support of the OTF, the more spatial frequencies are trans-
mitted, leading to a narrower PSF and a higher resolution. If all spatial frequencies
that are contained in the emission of a uorophore were transmitted through the
optical system, the exact location of the uorophore could be detected, instead of a
pattern covering an area much larger than the emitter.
1.4 Superresolution microscopy
Structures smaller than the diraction limit as well as cellular processes unobserv-
able at conventional resolution are of great interest for biological research. In the last
two decades, techniques to overcome this barrier have been developed. These super-
resolution microscopy techniques allow for new insights into systems that previously
were impossible to study.
The rst technique to break the diraction barrier was stimulated-emission-
depletion (STED) uorescence scanning microscopy [6]. Similar to conventional con-
focal microscopy, a sample is scanned by a focused laser and the image is constructed
point by point. The resolution is limited by the fact that all uorophores in the focal
spot are transferred to their excited state, and the resulting spontaneous emission
can not be assigned to the location of the uorophore that gave rise to it. There-
fore, structures smaller than the focal spot size cannot be resolved. To overcome
this problem, an additional laser beam stimulates emission of the uorophores in
the outer rim of the focal spot. This STED beam hence depletes the excited state
in the area it irradiates, suppressing further spontaneous emission. Fluorescence
consequently only stems from the central part of the focal spot, where no depletion
took place. The achievable resolution mainly depends on the intensity of the STED
beam. The higher the intensity is, the smaller is the area containing excited uo-
rophores and the higher is the resolution. Thus, resolutions in the nanometer range
have been shown [7]. The concept was extended to other reversible saturable optical
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uorescence transitions (RESOLFT) [8] of labels, such as uorescent and dark states
of uorescent proteins. These transitions require considerably less energy than the
saturation of the excited state, reducing photobleaching and other light-induced
damaging.
For structured illumination microscopy (SIM) [9], a known illumination pattern is
moved over the sample, the uorescence image at each pattern position is recorded
and the superresolved image is subsequently calculated from the individual frames.
By using a known pattern of transmittable frequency for excitation, normally non-
transmittable higher spatial frequencies carrying additional information can be ob-
served. The product of the excitation pattern and the pattern of the high spatial
frequencies are moiré fringes of low frequency that can be transmitted and detected.
Thus, an image with up to doubled resolution and additional optical sectioning can
be reconstructed from a set of images recorded with dierent excitation patterns.
Conveniently, conventional dyes can be used without modication. A related tech-
nique is image scanning microscopy (ISM) [10], which uses a laser focus as a special
type of structured illumination. The uorescence elicited by the laser at each point
is imaged on a position-sensitive camera, and an image with up to doubled resolu-
tion can be calculated. Confocal setups as well as the faster confocal spinning disk
setups can be adapted for ISM [11].
Another important group of superresolution methods is based on the localiza-
tion of single emitters. These localization methods rely on the temporal separation
of the emission of individual uorophores. As mentioned earlier, the response of
a microscope to a uorophore is the point spread function (PSF). Given sucient
information about the imaging system, the emitter's location can be calculated from
the detected PSF pattern. This is possible with high precision for individual pat-
terns, but not when the patterns of several emitters overlap. Naturally, the response
of an imaging system to a densely labeled biological sample containing many uo-
rophores is an image with many overlapping PSF patterns. Consequently, structures
smaller than the diraction limit are not resolved. To achieve superresolution by
localizing individual uorophores for such structures, it is necessary to separate their
uorescence in time. This is achieved by allowing only a small subset to emit light
at any time. The core idea is to record a movie of emitters exhibiting uorescence
intermittency (blinking). In each movie frame, a small number of emitters uoresce,
while the majority remains in a long-lived dark state. The recorded uorescence pat-
terns thus stem from a small subset distributed over the whole sample area. If the
subset is small enough, the patterns do not overlap and the emitters can be localized.
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In the next frame, dierent emitters are localized. This process is repeated until
a complete superresolved image can be reconstructed. Dierent methods to obtain
the necessary long-lived dark states of the labels were adapted for single-molecule
localization techniques. Stochastic optical reconstruction microscopy (STORM) [12]
relies on a combination of two uorophores as one probe to generate the required
short uorescent and long-lived dark state. Photoactivated localization microscopy
(PALM) [13] and uorescence photoactivation localization microscopy (FPALM) [14]
use the photoactivation and subsequent bleaching of photoactivatable uorescent
proteins (PA-FPs). A further development that is widely used nowadays is direct-
STORM (dSTORM) [15]. Here, only one organic dye is used to label one protein of
interest, and the blinking is controlled using a switching buer.
Stochastic optical uctuation imaging (SOFI) [16,17] makes use of intensity uctu-
ations of emitters as well, but in contrast to the localization methods, the increased
resolution is obtained directly from an analysis of the independent temporal uctu-
ations.
1.5 Neuronal signal transduction
The nervous system including the brain is composed of a dense network of con-
nected neurons. Neurons consist of three functionally distinct parts, the soma and
two types of processes, axons and dendrites. Generally speaking, the typically long
and branched axon is responsible for the output signals, while the dendrites are the
processes receiving the input signals [18]. These signals are short electrical pulses
called action potentials (APs). An AP can be described as an electric potential
wave that propagates due to opening and closing of ion channels, temporally al-
lowing for certain ions to pass through the membrane and changing the membrane
potential [19]. At the synapses, the contact points between neurons, information is
typically conveyed by a variety of chemical compounds. The release of these neu-
rotransmitters is triggered by the AP on the presynaptic site (the output neuron).
Subsequently, neurotransmitters are detected by specialized receptors in the den-
dritic membrane of the postsynaptic neuron (the input neuron) and trigger further
signaling by opening of ion channels. Neurotransmitter receptors play a key role in
synaptic plasticity, the modication of synaptic ecacy, and therefore in memory
acquisition and information storage [20].
Neuronal signal transduction thus depends on many parameters, such as the
location and behavior of dierent types of ion channels, the anity of ligand-gated
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channels for their ligands, the availability of ligands, the transportation of membrane
proteins from the soma and their availability. Due to their importance and the
disastrous eects their loss or even impaired functionality have on health, neurons
are the focus of a multitude of research approaches.
12 Introduction
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2 Stochastic optical uctuation imaging
Stochastic optical uctuation microscopy (SOFI) gains additional information by
analysis of the stochastic uctuation intermittency of the uorescent labels. From
the blinking, an image with increased resolution is calculated, as illustrated in Fig.
4.
Figure 4. Schematic of the SOFI process. On a wideeld setup, a movie of a sample
labeled with blinking emitters is recorded. In each movie frame, dierent uorophores
are emitting, causing dierent intensity uctuations on each pixel of the camera chip.
From these temporal intensity uctuations, a SOFI image with increased resolution and
suppressed background is calculated.
In order to obtain a superresolved image, the emissions of individual emitters must
be disentangled. For SOFI, this disentangling is based on uncorrelated but homo-
geneous intensity uctuations s(t) of the emitters. To generate a SOFI image, a
movie of a suitably labeled sample is recorded and time traces of the intensities
recorded by all pixels are calculated. Then, for the most basic approach, the vari-




of the intensity uctuation is analyzed (with angular
brackets denoting averaging over time t). For our case of independent blinking with-
out correlation between the intensity uctuations of dierent emitters, the variance
is non-zero only for uorescence signals from the same emitter. Consequently, the
variance of the sum of the blinking of several emitters is the sum of the variances of
the individual uctuations of each emitter; the emitters contribute individually to
the variance. If uorescence from several emitters is recorded on a pixel, the overall
variance of the recorded intensity signal therefore is the sum of the individual vari-
ances of the emitters.
For a uctuating uorescence signal s(t) multiplied with a spatial prole U(r),
the variance is the variance of the uctuations multiplied with the square of the
spatial prole:
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This corresponds to a narrowing of the prole. Since the emitters contribute indi-
vidually to the variance, the spatial proles of all emitters in a sample shrink in-
dependently, even if they overlap strongly in the recorded movie. This corresponds
to a shrinking of the microscope's PSF, and therefore to a resolution increase. By
calculating the variance of intensity uctuations, uorescence emissions of dierent
emitters can thus be disentangled and a resolution increase is achieved.
This concept can be generalized to higher SOFI orders n. While analyzing the
variance of the uctuations gives rise to a second order SOFI image, higher order
cumulants are used for third, fourth etc. order SOFI, corresponding to a further
shrinking of the PSF. Furthermore, correlating signals at dierent times by intro-
ducing a time lag τ eliminates short correlation noise from any SOFI order. For
example, this is achieved for second order SOFI by calculating the covariance be-
tween times t and t + τ according to CoVar(r) = ⟨(s(t) − ⟨s⟩t) ⋅ (s(t + τ) − ⟨s⟩t)⟩t.
2.1 Principle
The intensity distribution of a wideeld image of a sample labeled with N emitters
is described by




U(r − r′j)εjsj(t). (4)
U(r− r′) is the point spread function of the microscope, describing the intensity
recorded at position r of the image for an emitter of unit brightness at position r′. εj
is the maximum brightness of the jth molecule with 1 ≤ j ≤ N , and sj(t) describes the
time-dependent brightness of the emitter. Since the blinking of dierent emitters is
statistically independent, the temporal second order cumulant of the signals emitted
by two uorophores is zero. This is expressed by





δsj(t) = sj(t) − ⟨sj⟩ is the temporal brightness variance of the jth molecule, Kro-
necker's symbol δjk is one for equal indices and zero for diering indices, f(τ) is a
function describing the temporal correlation of the brightness of one molecule, and
angular brackets denote averaging over time t. Therefore, the temporal second order
cumulant is zero for two input signals sj(t) and sk(t) uctuating in a statistically
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independent manner. This can also be generalized to more than two input sources
by using third, forth etc. order cumulants.
For SOFI analysis, a movie consisting of a number of images F (r, t) (see Eq. 4)
is recorded. To calculate the corresponding SOFI image, the nth order cumulants
are calculated and integrated over the time lags τm. This leads to the following
equation for second order SOFI:
S2(r) = ∫ dτ1C2 [F (r, t), F (r, t + τ1)] , (6)
with F (r, t) being the image at time t and F (r, t + τ1) the image at time t + τ1.
Introducing the intensity distributions of the images according to Eq. 4 leads to a
double sum over products of ⟨δsj(t)δsk(t + τ1)⟩. However, cross terms with j ≠ k
cancel out, therefore the SOFI image is described by the single sum







assuming identical blinking statistics for all uorophores. The SOFI image thus is
comparable to an image recorded with a microscope with a PSF of U2(r − r′), the
square of the original PSF U(r − r′) with an additional prefactor. In general, the








The resolution enhancement in all dimensions results from this shrinking of the
PSF. Without additional processing steps and assuming a Gauss-shaped PSF, nth
order SOFI consequently increases the resolution by a factor of
√
n. The actual
achievable resolution depends on measurement time and blinking behavior. The
more transitions from the on- to the o-state and back a movie contains for each
individual uorophore, the higher is the order of the SOFI image that can be reliably
calculated from it.
Unless specied otherwise, all SOFI images in this work are calculated to second
order.
2.2 Computation and correction for bleaching
The SOFI algorithm used for the calculations in this work is based on the principles
described above. A few alterations were implemented, for example to correct for
bleaching. The simplest algorithm for calculating an nth order SOFI image from a
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movie F (r, t), t = 1 . . .N of a uorescently labeled sample with N frames is given
by
Sn(r; τ1, . . . , τn−1) = Cn[F (r, t), F (r, t + τ1), . . . , F (r, t + τ1 + ⋅ ⋅ ⋅ + τn−1)] . (9)
The time lags τ1, . . . , τn−1 are xed user selected values, replacing the time-consuming
calculation of the integral with the evaluation of the nth order cumulant at only one
point. To remove shot noise, at least one time lag must be chosen > 0. On the other
hand, the correlation, and with it the signal strength, decreases with increasing τ1.
τ1 = τ2 = ⋅ ⋅ ⋅ = τn1 = 1 has proven to be a good choice for most cases, providing shot
noise removal, good signal, and low computational eort.
Photobleaching of uorophores is a problem for most uorescence imaging tech-
niques and SOFI is no exception. Bleaching causes emitters to be transferred irre-
trievably to a dark state, thereby lowering the average intensity of the individual
images in a movie with time. However, the stationarity of the blinking emitters is a
prerequisite for Eq. 8 to be valid. A movie of constantly emitting uorophores does
not yield a SOFI image, causing non-uctuating uorescence to vanish. In contrast,
an image, albeit without the desired resolution enhancement, can be obtained by
applying the SOFI algorithm to a movie of bleaching emitters. Considering raw data
with both blinking and bleaching, the bleaching result reduces the resolution of the
true SOFI image calculated from the blinking. To eliminate this problem, the movie
is sectioned into portions from which the cumulants are calculated. These windows
are small compared to the time scale of bleaching, but large compared to the time
scale of blinking. As a result, the average intensity can be considered constant. The
SOFI image of a movie sectioned into W = ⌊N/Nw⌋ windows of Nw frames is the
average of all W individually calculated SOFI images:







Cwn [F (r, t), F (r, t + τ1), . . . , F (r, t + τ1 + ⋅ ⋅ ⋅ + τn−1)] .
(10)
If the blinking is slow with regard to the frame rate or distributed over dierent
time scales, a hierarchical algorithm can be used. Here, a cumulant image for a
xed set of time lags is calculated. Then, by addition of adjacent frame pairs, a
movie with half the frame number as the original image is generated. From this new
movie, the cumulant is calculated once more, and adjacent frame pairs are added
up again. This procedure is repeated until all information has been extracted, and
all resulting SOFI images are summed up into the nal picture.
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2.3 Eective pixel size
The eective pixel size, the area of the sample recorded by one camera pixel, is
an important factor for SOFI quality. Distributing uorescence light of one emit-
ter over a large number of pixels typically decreases the signal-to-noise ratio and
thus the image quality. Depending on the brightness of the uorophores, around
80 nm typically is the minimum eective pixel size recommendable for SOFI imag-
ing. Since this limits the achievable resolution of SOFI, a way to increase the pixel
number and to decrease the eective pixel size is highly desirable. One approach
to solve this is crosscorrelation SOFI (XC-SOFI) [17]. Here, each pixel is not only
autocorrelated, but crosscorrelated with neighboring pixels. Thus, additional pixels
(XC-pixels) carrying true information are generated in between the original pixel
and its neighbors (AC-pixels) to make full use of the increased resolution.
There are, however, several drawbacks. Apart from the generally very large
computational eort, there is more than one way to correlate the original pixels to
generate the same number of XC-pixels in the same positions. Although XC-pixels
in the same positions but calculated by correlating dierent original pixels show
slight dierences in their intensities, the theory provides no explanation as to which
way is optimal. Furthermore, the intensity of the crosscorrelation pixels is weighted
with a factor that depends on the distance of the two correlated pixels and the
PSF. This distance factor has to be counterbalanced, otherwise the intensity of the
XC-pixels is on a dierent scale than the intensity of the AC-pixels, leading to grid
artifacts. Using an estimation of the distance factor, it can be compensated, but
this is not straightforward and typically, artifacts remain even after correction.
An exact solution to the problem is to increase the pixel size of the recorded im-
ages F (r, t) in Fourier space before SOFI calculation, using the fact that the optical
transfer function (OTF), the Fourier transform of the PSF, has a nite support.
The OTF therefore is zero for suciently large values of the Fourier vector. The
same holds true for the Fourier transformed images F̃ (k, t), if the original eective
pixel size is smaller than the diraction limit. As a consequence, it is possible to
Fourier transform a recorded image, to increase the size of the Fourier transform
by adding zeros to the borders, and to transform it back. The result is an image
with the same image content as the original image, but increased pixel number and
reduced pixel size. Carrying out this Fourier supersampling on a whole movie prior
to SOFI analysis leads to a SOFI image with increased pixel number, able to display
the additional resolution gained by using SOFI.
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Autocorrelation SOFI with bleaching correction and Fourier supersampling is re-
ferred to as basic SOFI throughout this work.
2.4 Fourier reweighting
As detailed earlier, the SOFI PSF is proportional to the nth power of the original
PSF, leading to a resolution enhancement of factor
√
n when approximating the
PSF by a Gaussian function (see Eq. 8). Correspondingly, the support of the SOFI
OTF Ũ(k), while still nite, is widened by factor n. The PSF of second order SOFI
therefore corresponds to the original PSF multiplied with itself. In Fourier space,
this means the SOFI OTF is a convolution of the OTF with itself, with consequently
doubled support. However, the OTF shape diers from the shape of the original
OTF, for example with very low amplitudes of the frequencies at the rims. To make
full use of the doubled support, the amplitudes have to be adjusted to reshape the
OTF. The PSF resulting from this intensity reweighting in Fourier space is narrower
























(b) Image space: point spread
function (PSF)
Figure 5. Wideeld, SOFI and Fourier-reweighted SOFI OTF (a) and PSF (b). Second
order SOFI doubles the OTF support, corresponding to a doubling of spatial information.
In image space, the doubled resolution can be displayed after Fourier-reweighting of the
spatial frequencies. This corresponds to a reduction of the FWHM of the PSF by a factor
of
√
2 for second order SOFI and a factor of 2 for Fourier-reweighted second order SOFI.
Compressing the PSF to U(n ⋅ r) leads to a stretched OTF
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while the support remains unchanged. The visible resolution of an image with the
PSF U(n ⋅ r) is increased by factor n compared to an image with the PSF U(r). In
the same way, the SOFI OTF can be reweighted with a function that is based on




















were α > 0, α ∈ R is a small positive constant to prevent division by zero. As a result,
the resolution enhancement is increased to the factor n. By performing this Fourier
reweighting on the SOFI images, the SOFI PSF is changed in Fourier space to be
of the same functional form of the original PSF [17].
2.5 Linearization of the intensity response
According to Eq. 8, emitters contribute with the nth power of their brightness εj to
the SOFI image, potentially suppressing dark areas relative to brighter ones. The




(Un(r) ∗ gn(r) − Sn(r))
2
, (13)
with the SOFI order n, the PSF U(r), the distribution of emitters on the sample
g(r), and the SOFI image Sn(r). To prevent the recovery of unphysical frequencies,
the constraint is placed that the support of g in Fourier space does not exceed that
of the SOFI PSF Un. The problem is solved using few iterations of a nonlinear con-
jugate gradient minimizer. Positivity and nite support of the solution are enforced
after every iteration. To improve the visual quality of the result, the level of the
residual background in the SOFI image is determined by visual inspection. Pixels
below the threshold are set to zero before the optimization.
fSOFI is photobleaching corrected AC-SOFI (basic SOFI) with additional Fourier
supersampling, Fourier reweighting and intensity linearization. All SOFI images in
this work are fSOFI images, if not specied otherwise.
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2.6 Fluorescence intermittency requirements
SOFI has been shown to be very robust regarding the uorescence intermittency of
the labels [21]. A key quantity when comparing dierent types of blinking is the rate
ratio r. It denotes the ratio of the duration of the average on- and o-states of a








with the rate for o-switching koff = τ −1off and the rate for on-switching kon = τ
−1
on ,
with τoff and τon the half lifes of the on- and o-states, respectively. Simulations [21]
showed that the rate ratio can be chosen almost arbitrarily for second order SOFI,
although a higher number of switching events per time reduces the total imaging
time per SOFI image. For higher orders, the quality of the images and thus the
achievable resolution enhancement depends on the combination of SOFI order and
rate ratio. For example, for odd higher orders the blinking behavior must be asym-
metric (r ≠ 1). In summary, any rate ratio can be used for second order SOFI, while
for higher orders, the order that best ts the blinking behavior can be chosen.
The optimal exposure time depends mainly on τoff . Ideally, the on-time of an
emitter lasts about two to ve frames, leading to a frame rate between 2 and 5
koff . Provided a sucient signal-to-noise ratio, on-times longer than that typically
yield good results as well. In general, fast blinking is favorable, as it ensures a large
number of blinking events in a short time and thus reduces overall imaging time.
However, even if the blinking is far from the ideal, this can usually be compensated
by recording more frames per movie. Due to this robustness, the labels for SOFI
can be chosen according to the requirements of the application from a large variety
with very dierent blinking mechanisms.
QDot blinking covers many dierent time scales with little possibility to inu-
ence the behavior. Nevertheless, the exibility of SOFI and the fact that QDots
are very bright, stable labels make it a very useful label for SOFI. In contrast, the
photoswitching of organic dyes can be tuned to generate on- and o-times according
to SOFI requirements. Both QDots and organic dyes are typically used to immunos-
tain xed cells. Reversibly switchable uorescent proteins (RSFPs) are proteins that
change from a uorescent to a dark state and back upon irradiation with light of
a suitable wavelength, potentially allowing for the induction of tunable uctuations
and opening up the possibility of a live-cell compatible label for SOFI.
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2.7 Setup requirements
SOFI's increased lateral resolution and background suppression is achieved by record-
ing a movie of blinking emitters on a standard wideeld microscope and subsequent
SOFI calculation. A microscope for SOFI data acquisition should be equipped with
a camera that is sensitive and fast enough to record the blinking dynamics of the
labels. In general, this means it should be capable of frame rates of 20 - 100 Hz.
Regarding the magnication, a resulting eective pixel size of 80 - 100 nm is ideal.
For pixels smaller than that, the signal-to-noise-ratio (SNR) is negatively aected,
since the photons emitted by a single uorophore are distributed over too many
pixels. Bigger eective pixels, on the other hand, lead to a resolution of individual
PSFs on the camera chip that is insucient for reliable PSF estimation for Fourier
reweighting and linearization. In both cases, the achievable resolution is suboptimal.
Regarding light sources, the choice between lasers and LED engines depends on the
type of uorophore.
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3 SOFI with Quantum Dots
3.1 Quantum Dots
Quantum Dots (QDots) are semiconductor crystals with diameters between 5 and
50 nm that can be used as bright and stable labels in immunostaining protocols.
Due to their size, they have unique properties that can be described as being in
between those of bulk and molecular forms.
Their uorescence stems from the relaxation of an excited electron to the ground
state, where it recombines with an electron hole. Since the band gap between the
ground state and the excited state depends on the size of the QDot, so does the
wavelength of the subsequently emitted light. The typical distance between an elec-
tron and the electron hole it is bound to is called the bulk exciton Bohr radius. The
extent of bulk material is much larger than this distance. As a result, the energy
levels are continuous, forming a lled valence band and an empty conduction band,
separated by a band gap. In this case, electrons can be excited from their ground
state in the valence band to their excited state in the conduction band, leaving an
electron hole in the valence band. The radii of QDots are typically in the range of,
or smaller than, the bulk exciton Bohr radius [22,23], which leads to quantum con-
nement. The energy levels in this conned case are discrete and the band gap is
larger than in bulk material. The more closely conned the exciton is, the larger
is the band gap. Therefore, the smaller the particle, the more blue shifted is the
uorescence. By generating QDots with dierent sizes, the whole visible spectrum
can be covered. As excitation bands are typically in the range of 350 to 450 nm
with only a slight dependence on the band gap, the emission wavelength instead of
the excitation wavelength is given in the designation of a QDot.
QDots show inherent blinking. This blinking is a problem for many applications,
but can be used to great eect with SOFI [16,17,2426]. There are several theories to
explain the exact nature of the processes involved in QDot blinking. Roughly, it is
caused by exciton generation not followed by recombination and uorescence, but
by ejection of a charge carrier from the core. Non-radiative recombination of sub-
sequently generated excitons is then induced by the charge remaining in the core,
rendering the QDot dark and non-uorescent. After a certain time, the ejected
carrier returns to the core, where it recombines with the remaining carrier. With-
out the charge in the core, excitons recombine emitting light once more, and thus
uorescence is restored [27]. The probability distribution of both on- and o- peri-
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ods is described by a power law dependence, suggesting distributed kinetics [28,29].
Consequently, QDot blinking covers a large range of on- and o-times.
3.2 Optimization of the imaging parameters
To achieve a high image quality for the biological applications, it was necessary to
optimize the imaging parameters as well as the setup, a wideeld microscope with
LEDs as light source. As a starting point I chose the conditions previously published
for second order SOFI imaging with QDots [16], which were typically 5000 frames at
100 ms frame time. Under these conditions, data acquisition for one SOFI image
took approximately 8 min 20 s. Since further analysis required data sets consisting of
images of a minimum of ve z-positions in two color channels, recorded successively,
the imaging time per neuron amounted to a total of one and a half hours, which is
inconvenient by itself. Moreover, most setups are not suciently stable over such a
period of time, resulting in sample drift during measurements.
Lateral and axial sample drift severely reduce the resolution achieved by SOFI,
and decrease the accuracy of further analysis dramatically. I therefore tested whether
the frame number and exposure time could be reduced to minimize overall imaging
time, and introduced setup modications to increase the mechanical stability of the
setup, minimizing drift during data acquisition.
3.2.1 Exposure time optimization
Due to the much larger range of on- and o-times covered by QDots than by organic
dyes and uorescent proteins, there can be no ideal t between exposure time and
blinking kinetics. The exposure time is thus best chosen to t other criteria. Al-
though short exposure times reduce the total imaging time, exposure times need to
be long enough to ensure an adequate signal-to-noise ratio (SNR) for each individ-
ual movie frame. Exemplary studies on QD525- and QD605-labeled rat hippocampal
neurons (Fig. 6) showed no disadvantage in SNR or quality of the SOFI image of
an exposure time of only 50 ms compared to the previously published 100 ms.
3.2.2 Frame number optimization
The quality of a SOFI image depends strongly on the number of frames used for
the calculation. Among the parameters inuencing the ideal frame number are the
SOFI with Quantum Dots 25
a) wideeld
QD525
b) 50 ms c) 100 ms
d) wideeld
QD605
e) 50 ms f) 100 ms
Figure 6. Wideeld image (a, d), and basic SOFI image calculated from movies with 50
ms (b, e) and 100 ms (c, f) exposure time, with QD525 (top) and QD605 (bottom) as labels.
The image quality for 50 and 100 ms frame time is identical. Scale bar: 4 µm.
kinetics of the uorescence intermittency, the brightness of individual uorophores,
and the order of SOFI.
A uorophore needs to change its uorescence state a certain number of times
over the course of the data recording to become visible in the SOFI image. QDots,
with their highly variable blinking, show a great variety in the number of switching
events per time period. Consequently, there is the same variety in the number
of frames that is required for the detection of individual QDots. To nd a frame
number which allows for the detection of most of the QDots in a sample, I made
use of the visibility of individual QDots in SOFI images of sparsely stained samples.
Examination of the QDot visibility in SOFI images calculated from 1000 to 4000
frames (Fig. 7) revealed that 3000 frames are well sucient for second order SOFI.
(a) 1000 frames (b) 2000 frames (c) 3000 frames (d) 4000 frames
Figure 7. Basic SOFI images of QD525-stained neurons, calculated from dierent numbers
of frames. 3000 frames are necessary to detect all emitters. Scale bar: 4 µm, inset 1 µm.
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Using more frames does not lead to a further increase of visible QDots or the overall
image quality.
3.2.3 Drift reduction
Sample drift is a challenge common to many superresolution techniques, where high-
est accuracy is the goal. Therefore, highest sample stability over long periods of time
is a necessity.
3.2.3.1 Axial drift reduction
When the distance between the objective lens and the sample gradually changes,
the sample drifts out of focus. Typical reasons for this axial drift are the settling
of the sample, the sample stage or the objective lens to an equilibrium position, or
external disturbances. Ideally, the objective lens settles jointly with the focusing
mechanism (the z-drive) of the microscope to an equilibrium position, but there is
the possibility of slow, persistent movement of the focusing mechanism caused by
depression by the weight of the objective lens, leading to constant defocussing. Since
typical imaging times for many applications of wideeld imaging are on time scales
much shorter than the defocussing, this eect often poses no diculty.
In contrast, the acquisition of 3D, dual-color SOFI data sets is negatively aected
by axial drift, as it involves the more time consuming recording of z-stacks of movies
in two color channels. Axial drift during the recording of a movie corrupts the
resolution of the corresponding SOFI image. Furthermore, since the color-channels
are not recorded simultaneously, z-drift not only causes deviation of the z-positions
t = 0 t = 30 min
(a) Defocusing by axial drift over 30 min
t = 0 t = 30 min
(b) Setup modications prevent axial drift
Figure 8. Axial drift over 30 min, before (a) and after (b) setup modications. The
strong defocussing by axial drift was eliminated. Scale bar: 5 µm.
SOFI with Quantum Dots 27
of the two color channels, but also a shift of the individual images of the z-stacks
from their nominal z-positions. Obviously, such data is of little use.
The settling of objective lens, sample and microscope components probably
caused the strong initial drift in the rst minutes after placing the sample. However,
the drift, measured by focusing using the z-drive and refocusing after a certain pe-
riod of time using the piezo-z-scanner, was continuous, with the z-position changing
up to 3 µm per hour. This implied a constant sinking of the objective lens, which
was ultimately prevented by mechanically xing the z-drive in position. The initial
drift can be avoided by simply allowing the setup and sample to settle for several
minutes before starting the data acquisition. Figure 8a gives an example of strong
defocussing of a QD605-labeled neuron over the course of 30 min. Many of the un-
specically bound QDots that are in focus at the beginning of the measurement are
out of focus after 30 min, and vice versa. In contrast, the images recorded after the
setup modications (Fig. 8b) are completely stable.
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Figure 9. Lateral drift reduction due to shorter imaging time and setup modications.
Initial drift of SOFI raw data (a), and considerably reduced drift after shortening of the
imaging time and stabilization of the setup (b). Eective pixel size: 100 nm.
Excluding external disturbances like vibrations caused by nearby equipment,
lateral sample drift is typically caused by instabilities of the sample stage. Like axial
drift, lateral drift is highly detrimental to the quality of SOFI images. Additionally,
it renders the correlation of two color channels to determine the relative location of
the labeled proteins impossible. Consequently, the original lateral sample drift of
up to 250 nm, or 2.5 pixels (Fig. 9a, calculated from 4 data sets á 7 z-positions),
had to be reduced. This was achieved by reducing the exposure time from 100 ms
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to 50 ms (3.2.1) and the frame number from 5000 to 3000 (3.2.2), thereby reducing
the overall imaging time, and installation of a custom-built sample stage designed
for high stability. The lateral sample drift was thus reduced to a tolerable maximum
50 nm, or 0.5 pixels in x-direction and less in y-direction (Fig. 9b, calculated from
2 data sets à 7 z-positions).
3.2.4 Discussion
Due to the great variety of QDots regarding on- and o-times, the exposure time can
be chosen more exibly than with other types of labels, and exposure times of 50 and
100 ms proved equally well suited for SOFI QDot imaging. Similarly, the number of
switching events occurring to a QDot per time period covers a broad range. Since
a certain number of switching events is necessary for an emitter to become visible
in the SOFI image, a certain minimum of frames has to be analyzed to detect even
the QDots that were switching extremely infrequently during movie acquisition. For
this, 3000 frames were determined to be entirely sucient. As a result, the imaging
time could be reduced to one third of the original time.
Combined with the improved setup stability provided by restricting the mobility
of the z-drive and installing a custom-made sample stage, the high image quality
and sample stability required for biological applications of 3D, dual-color SOFI could
thus be ensured.










(d) Prole in x-direction
Figure 10. Wideeld (a), basic SOFI (b), FR-SOFI image (c) of a single Quantum Dot
with emission wavelength λem = 525 nm, and proles in x-direction (d). The eective pixel
size is 100 nm for the wideeld image and 50 nm for the SOFI images.
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3.3 Resolution improvement
Second order SOFI is capable of reducing the size of the PSF by a factor of
√
2
compared to wideeld imaging, thereby increasing the resolution by the same fac-
tor. With additional Fourier reweighting, the total resolution can even be doubled.
Subsequent linearization of the intensity response is designed to compensate for the
increase of emitter brightness dierences introduced by SOFI.
Figure 10 exemplies the resolution improvement from conventional wideeld
imaging to basic SOFI and to Fourier reweighted SOFI (FR-SOFI) with images of
the PSF of a single QD525 and the corresponding proles in x-direction. The average
FWHM of the Gaussian ts of the PSFs of Quantum Dots with emission wavelength
λem = 525 nm and 605 nm for dierent processing types are given in Table 1.
wideeld basic SOFI FR-SOFI improvement
QD525 264 ± 14 nm
1.42
ÐÐ→ 186 ± 8 nm
1.27
ÐÐ→ 146 ± 3 nm 1.81
QD605 296 ± 20 nm
1.38
ÐÐ→ 214 ± 17 nm
1.32
ÐÐ→ 162 ± 6 nm 1.82
Table 1. Comparison of the Gauss tted PSF FWHM of single QDots for dierent stages
of SOFI processing, calculated from ten emitters. For both emission wavelengths, SOFI
increases the resolution by the expected factor of
√
2. Total resolution improvement of
SOFI with additional Fourier reweighting amounts to a factor of ∼ 1.8.
The resolution enhancement from wideeld imaging to basic SOFI is in excellent
agreement with the expected factor of
√
2. Fourier reweighting provides a further
increase of factor ∼ 1.3, yielding a total improvement factor of ∼ 1.8. While the
theoretically achievable improvement from basic SOFI to FR-SOFI is an additional
factor of
√
2, the complete information can only be extracted from hypothetical
noise-free data, limiting the resolution improvement slightly.
Using SOFI, structures can be resolved that are blurred in the corresponding
wideeld image (Fig. 11). Additionally, SOFI strongly reduces the background,
which is typically high in wideeld images and hinders the extraction of information.
In several areas, basic SOFI thus revealed separate, single QDots which were not
visible in the wideeld image. Fourier reweighting and linearization improved the
image further. This is made especially clear by the prole of the two QDots (Fig.
11e), which, in contrast to conventional imaging, are well resolved by SOFI.



















Figure 11. Wideeld (a), basic SOFI (b), FR-SOFI (c), linearized FR-SOFI image (d)
of a sample of QD525. Scale bar: 1 µm. Intensity prole (e) of two QDots in the lower left
corner resolved by SOFI but not by wideeld microscopy.
3.3.1 Discussion
The measured resolution improvement provided by SOFI is in very good agreement
with the theoretical predictions. However, the PSFs of conventional imaging for
both types of emitters are larger than calculated. According to Eq. 2, the FWHM
of the PSF of QD525 and QD605 is, for ideal conditions, 191 nm and 220 nm, respec-
tively. Although deviations from the ideal values due to imperfections in the optics
and a slight refractive index mismatch are expected, an original PSF closer to the
diraction limit would improve the wideeld and consequently the SOFI resolution,
allowing for the elucidation of structures and processes on a smaller scale.
SOFI with Quantum Dots 31
3.4 GABAB receptor subunit tracking
3.4.1 The GABAB receptor
Memory acquisition and information storage in the brain is thought to be founded
on the modication of the eciency of neuronal signal transduction, which is called
synaptic plasticity [20]. The synaptic ecacy can be modulated for example by
changes of the anity of neurotransmitter receptors to their ligands, by alterations
of the kinetics of further signaling, like the opening and closing of ion channels, or
by variations in the availability of the neurotransmitter receptors.
Most synaptic transmissions in the nervous system of vertebrates are mediated by
glutamate receptors and γ-aminobutyric acid receptors (GABARs). γ-Aminobutyric
acid (GABA), one of the most important inhibitory neurotransmitters in the cen-
tral nervous system, typically reduces the probability of action potential generation
and thus prevents excess stimulation. Of the two types of GABARs, the ionotropic
GABAA receptor is a ligand-gated chlorine channel, while the metabotropic GABAB
receptor mediates further signal transduction by G-protein activation upon ligand-
binding. The results of this further signaling, such as the activation of ligand-gated
potassium channels and the decrease in the opening probability of ligand-gated cal-
cium channels, are inhibitory in nature. Therefore, the availability of the GABAB
receptor in the dendritic plasma membrane is an important factor in action potential
generation as well as synaptic plasticity, and the details of its tracking are of great
interest.
The GABAB receptor is a heteromer consisting of the subunits GABABR1 and
GABABR2 [30]. Both are expressed separately in the soma and initially reside in the
somatic endoplasmic reticulum (ER) membrane. From there, they are transported
to their sites of insertion into the plasma membrane of a dendrite. GABABR1 fea-
tures the GABA binding site and an ER retention motif, which prevents the subunit
from leaving the ER membrane. GABABR2 is coupled to the G-protein and is able
to mask the ER retention motif of R1 with its C-terminus. As a result, R1 is able
to leave the ER only when coupled to R2. This ensures that only GABA binding
sites that are properly coupled to the G-protein, and thus are able to sustain the
signal, are integrated into the plasma membrane of the dendrite. The details of this
transport are an important addition to our understanding of the nervous system.
There are two alternatives for the transport of the GABAB receptor subunits.
One possibility is assembly close to the soma and transport along the dendrite in a













(b) Late assembly and separate tracking
Figure 12. Schematic of a part of the soma and a dendrite of a neuron, illustrating the
alternative ways of GABAB receptor subunit tracking. R1 and R2 either assemble close
to the soma, leave the ER membrane and are transported in vesicles along the dendrite in
the cytosol (a), or the subunits are transported separately along the ER membrane (b).
By studying the colocalization of the subunits, both alternatives can be distinguished.
vesicle as a complete receptor (Fig. 12a). The second possibility is separate trans-
port of both subunits along the ER membrane. In this scenario, both subunits only
leave the ER membrane in favor of a vesicle already close to their site of insertion to
the plasma membrane, and the subunits cover only a short distance as an assembled
receptor (Fig. 12b). These two ways can be distinguished by colocalization analysis.
The colocalization of GABABR1 and R2 in either case is maximal at the plasma
membrane, but the extent of subunit colocalization in the cytoplasmic region of the
dendrite diers. For the case of an early assembly and joint vesicular travel through
the cytosol, the colocalization in the volume is approximately equal to that in the
plasma membrane. For separate travel, the colocalization is lower in the volume of
the dendrite than in the plasma membrane.
Studies using colocalization analysis on confocal uorescence images [31] and other
biochemical techniques found dierential mobility of the subunits, indicating sepa-
rate tracking and late assembly to the complete neurotransmitter receptor. Ad-
ditional analysis using SOFI images benets from the increase in lateral and axial
resolution and the background suppression, which simplies identifying the relevant
signals and promises greater colocalization accuracy.
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3.4.2 3D, dual-color SOFI of GABABR1 and R2
wideeld
a) Z=0 b) Z+150 nm c) Z+300 nm d) Z+300 nm
e) Z=0
SOFI
f) Z+150 nm g) Z+300 nm h) Z+300 nm
Figure 13. Wideeld images of GABABR1 (red) and GABABR2 (green) of a neuron at
axial distances of 150 nm (a, b, c), and corresponding SOFI images (e, f, g). Zoom-in of
boxed area of wideeld (d) and SOFI image (h). Scale bar: 5 µm, zoom-in 1 µm.
To gain information about the colocalization of the GABABR1 and R2 and elucidate
their transport, data sets of rat hippocampal neurons were recorded. One data set
consisted of movies from ve to seven z-positions in two color channels. The lateral
position was kept constant, while the axial position was increased by 150 nm between
the images. Figure 13 compares the conventional dual-color wideeld images of a
neuron to the corresponding SOFI images. Three positions with an axial distance
of 150 nm are shown. GABABR1 was labeled with QD605 and is depicted in red and
GABABR2 was labeled with QD525 and is depicted in green.
While the wideeld images all appear similar due to the uorescence from areas
other than the focal plane, the SOFI images show distinctly dierent slices of the
neuron. This is due to the fact that the uctuations of out-of-focus light are negligi-
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ble, and only uctuating intensity is represented in the SOFI image. Furthermore,
the resolution enhancement by a factor of 1.8 allows for a clear view of the distri-
bution and relative locations of the two subunit types, which is especially clear in
the zoom-in of the highest axial position (Fig. 13d and 13h).
Although the relatively simple wideeld microscope used for data acquisition by
itself does not provide any optical sectioning, it can be used to create z-stacks of
neurons by application of SOFI. This is further illustrated by Fig. 14, where the
wideeld image corresponding to the rst axial position of a stack is shown (Fig.
14a) together with the complete stack of SOFI images. The sections, recorded at
an axial distance of 150 nm, provide a clear view of the structure of the neuron and
the GABABR subunit distribution.
a) wideeld, Z=0 b) SOFI, Z=0 c) SOFI, Z+150 nm
d) SOFI, Z+300 nm e) SOFI, Z+450 nm f) SOFI, Z + 600 nm
Figure 14. Complete SOFI z-stack. Wideeld (a) and corresponding SOFI image (b) of
GABABR1 (red) and GABABR2 (green) of a neuron, and subsequent SOFI sections (c, d,
e, f) at axial distances of 150 nm. Scale bar: 5 µm.
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3.4.3 Discussion
Wideeld imaging does not provide optical sectioning, and almost the same uores-
cence light is recorded at all z-positions. As a result, the wideeld images of GABAB
receptor subunits are almost identical for all z-positions. SOFI, in contrast, features
increased resolution in all directions and excellent background suppression, allowing
for z-sectioning on a wideeld setup. Accordingly, the SOFI images from the dier-
ent z-positions reveal dierent details of the neuron, such as dierent sections of the
processes. An interesting detail of Fig. 13 is the excess of the GABABR2 receptor
subunit, depicted in green, in the plasma membrane, while R1 is more abundant in
the inner part of the soma and dendrite. While this distribution is not typical for
all data sets, it is in accordance with the anchoring of unpaired GABABR1 to the
ER membrane, while R2 has no such limitations.
Although a large number of high quality 3D, dual-color SOFI data sets of GABAB
receptor subunits were recorded, obtaining enough information to clarify the trans-
port of the GABAB receptor subunits proved ultimately impossible. This was due
to the problematic labeling of the neurotransmitter receptor subunits. Against
GABABR1 and R2, no primary antibodies existed, rendering direct immunostaining
with QDots impossible. Therefore, in a rst step, GABABR1 and R2 were tagged
by transfection with epitopes against which primary antibodies are easily accessi-
ble. The desired labeling was achieved by subsequent immunostaining of the newly
introduced epitopes. Transfection of the neurons, however, was unreliable, and
transfection levels varied. As a consequence, not enough data could be collected
from correctly labeled neurons. Additionally, not all possibility of doubt could be
excluded whether measured dierences in abundance of both subunits were due to
peculiarities of the tracking or of the transfection.
Nonetheless, the data sets demonstrate the high potential of SOFI as a valuable
technique for biological applications, especially for samples with high background.
3.4.4 Comparison of SOFI with confocal microscopy
While the increase in resolution, the reduction of background uorescence, and the
optical sectioning provided by SOFI are obvious compared to wideeld imaging,
comparing second order SOFI to confocal microscopy can further assess its benets.
To this end, the results of wideeld, SOFI and confocal imaging of neuronal
GABABR subunits were compared. The raw SOFI movie was recorded on a wideeld
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setup, and the wideeld image was calculated form the same movie by averaging over
all individual frames, leading to identical positions of the wideeld (Fig. 15a) and
the SOFI image (Fig. 15b). The sample was then transfered to a confocal spinning
disk setup, and a confocal image of the same neuron was recorded (Fig. 15c). Due
to the setup change, the lateral and axial positions do not correspond exactly to
those of the wideeld and SOFI images.
(a) wideeld (b) SOFI (c) confocal
Figure 15. Comparison of wideeld (a), SOFI (b) and confocal spinning disk microscopy
(c) on GABABR subunits of a neuron. The positions of the wideeld and SOFI images
are identical, while the position of the confocal image diers slightly. Scale bar: 5 µm.
3.4.5 Discussion
As expected, the wideeld image is poorly resolved and heavily features out-of-
focus uorescence. In comparison, images recorded on a confocal setup feature
considerably less out-of-focus light, but the focal plane is still several hundreds of
nanometers wide, typically 500 to 700 nm. Consequently, while the background is
reduced, all uorescence within the focal plane is still detected.
SOFI, in contrast, reduces the PSF in z- as well in x- and y-direction, but
additionally omits all light whose intensity does not uctuate, thus discarding of
much more unwanted background uorescence. As a result, SOFI images of QDot-
labeled samples typically resemble clean cuts through the cell and show only the
emitters in the focal plane.
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3.5 Dependence of Ca2+ waves on distribution of ion channels
3.5.1 The inositol trisphosphate and ryanodine receptors
Calcium ions (Ca2+) play an important role in many functions of neurons, such as
synaptic transmission and plasticity. One of the most versatile cellular signaling
mechanisms is calcium release by inositol trisphosphate (IP3) and ryanodine recep-
tors. Both are large, homotetrameric, ligand-gated ion channels that reside in the
ER membrane and interact functionally. They open upon binding an agonist and
allow the release of calcium ions from the ER into the cytoplasm, thus propagating
calcium waves [32].
Functional interaction between the two receptor types suggests an inuence of
the relative localization of the receptors on the propagation of calcium waves. Con-
sequently, disruption of the ER organization by transfecting neurons with mutated
versions of the membrane resident structural ER protein atlastin-2 (ATL-2), and
related alteration of the receptor distribution, would lead to a change of the cal-
cium waves. To study this, my collaborators Omar Ramírez and colleagues from the
University of Chile reproduced calcium waves in neurons by locally photo-releasing
IP3 [33] in wild type neurons and neurons with manipulated ER. They found an al-
teration of the calcium signals in the case of manipulated ER organization, possibly
caused by a modied distribution of IP3 and Ryanodine receptors in the structurally
changed ER. Until now, to our knowledge, no details are known about the relative
localization of both receptor types in wild type or mutant neurons.
Dual-color SOFI images of IP3 and ryanodine receptors in neurons with dierent
modications of the ER allow us to link the altered calcium signals to the receptor
distribution and colocalization. Therefore, their predominant isoforms in hippocam-
pal neurons, IP3R1 [34] and RyR2 [35], were immunostained with QDots, and the ER
was transfected with red uorescent protein (RFP). The receptor distribution in
neurons transfected with wild type ATL-2, neurons transfected with two dierent
types of mutant ATL-2, and neurons without transfection were compared.
3.5.2 3D, dual-color SOFI of IP3R1 and RyR2
To elucidate the relative distribution of IP3 receptors and ryanodine receptors in the
ER and gain insight on their interactions, data sets of neurons with dierent ER
structures were recorded. For SOFI imaging, IP3R1 and RyR2 were immunostained
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a) wideeld b) wideeld zoom-in
c) SOFI d) SOFI zoom-in
Figure 16. IP3R1 (red), RyR2 (green) and ER (blue) of a neuron with unmanipulated
ER organization. Wideeld (a) and SOFI image (c) of IP3R1 and RyR2 and corresponding
zoom-in of boxed area (b, d), with ER wideeld images in all cases to provide context.
Scale bar: 5 µm, zoom-in 1 µm.
with QDots. Additionally, the ER marker KDEL was tagged with RFP to clarify the
receptor positions in the context of the organelles of the cell. One data set consisted
of ve dual color images recorded at z-distances of 200 nm. An example of a triple
color image of a neuron with unmodied ER is given in Fig. 16 (IP3R1 depicted
in red, RyR2 in green and ER in blue). As conventional resolution is sucient
for the ER structure, the SOFI image is an overlay of the IP3R1 and RyR2 SOFI
images and the ER wideeld image. The combination of background elimination
and the capability to resolve the individual emitters that tag the receptors allows a
previously impossible view of the receptor distribution in the context of the ER.
For extensive studies of the distribution of the receptors over the volume of
neuronal processes, z-stacks were recorded. Figure 17 compares the conventional
wideeld images of a neuron, transfected with mutated ATL-2, at three positions
with an axial distance of 200 nm to the corresponding SOFI images. For clarity, the
ER images are omitted. In contrast to the wideeld images, which are similar for all
z-positions due to out-of-focus light, the SOFI images show only a thin section of the
neuron at each position. As a result, dierent structural details are visible in each
individual SOFI image, greatly facilitating the analysis of the receptor distribution.
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wideeld
a) Z=0 b) Z+200 nm c) Z+400 nm d) Z+400 nm
e) Z=0
SOFI
f) Z+200 nm g) Z+400 nm h) Z+400 nm
Figure 17. Wideeld images of IP3R1 (red) and RyR2 (green) of a neuron at axial
distances of 200 nm (a, b, c), and corresponding SOFI images (e, f, g). Zoom-in of boxed
area of wideeld (d) and SOFI image (h). Scale bar: 5 µm, inset 1 µm.
3.5.3 3D capability of SOFI: axial receptor distribution
To demonstrate the 3D capability of SOFI, a neuron was imaged over the large
z-distance of 2.6 µm. A SOFI image was recorded every 200 nm, and the individual
images were subsequently calculated. To allow for an informative z-projection of
the neuron, only the distribution of RyR2 is shown in Fig. 18a, while corresponding
dual-color wideeld and SOFI images of the individual image at z-position 0.4 µm are
given in Fig. 18b and 18c.
3.5.4 Discussion
To study the distribution of IP3 receptors and ryanodine receptors in neuronal ER,
3D, dual-color SOFI data sets were acquired on a high number of individual neu-
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0 µm
2.6 µm
a) axial distribution of RyR2 b) wideeld, z = 0.4 µm
c) SOFI, z = 0.4 µm
Figure 18. Axial distribution of the RyR2 receptors of a neuron over 2.6 µm (a) recon-
structed from SOFI images spaced every 200 nm. Wideeld (b) and SOFI (c) image of
RyR2 (green) and IP3R1 (red) at z = 0.4 µm. Scale bar: 5 µm.
rons. The distribution was studied on neurons transfected with wild type ATL-2,
neurons transfected with two dierent types of mutant ATL-2, and neurons without
transfection. SOFI provided highly promising superresolved images with next to no
background uorescence. These data sets, combined with the additional studies on
the eect of ER disruption on calcium waves carried out by my collaborators, will
allow us to elucidate the dependence of calcium signaling on ER organization and
receptor distribution.
QDot, dual-color SOFI imaging over axial distances of 0.8 or 1 µm has been used
extensively. Interestingly, not even much larger axial distances pose any challenges
to SOFI. Given sucient setup stability, 3D sectioning at intervals of 200 nm over
an axial distance of 2.6 µm is easily implemented. This is made possible by the
very low laser power required for SOFI imaging of QDots, which, combined with
the high photobleaching stability of the labels, allows for prolonged imaging of large
sample areas. Thus, not only clear z-sections, but a 3D image of a whole neuron in
z-direction can be recorded (Fig. 18).
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4 SOFI with reversibly photoswitchable uorescent
proteins
4.1 Reversibly photoswitchable uorescent proteins
Fluorescent proteins (FPs) are genetically encoded uorophores based on proteins
responsible for bioluminescence in certain species of jellysh, corals and other ma-
rine animals. By means of molecular biology, the gene encoding the FP can be
introduced into organisms [36], and FPs can be fused to any desired protein. As a re-
sult, uorophores are expressed and linked to the structure of interest by the studied
organism instead of introduced from the outside. The availability of genetically en-
coded labels allows for monitoring spatial distribution and temporal dynamics in live
cells, and thus to link structure to function. Even when not monitoring dynamics,
there is less risk of mislabeling or altered structures compared to immunostaining
with organic dyes, which is typically performed in combination with cell xation. In
addition to uorescence microscopy, FPs are frequently used as a reporter for the
expression of other genes, and many variants have been developed for a large variety
of applications [37].
A uorescent protein generally consists of an 11-stranded β-barrel with a cen-
tral helix containing the chromophore. The chromophore typically maturates from a
chain of three amino acids under autocatalysis aided by residues of the barrel. Prop-
erties like quantum yield, absorption and emission maxima, and folding eciency at
specic temperatures (p. ex. 37 ○C for applications in mammalian cells) depend on
the structure of the chromophore as well as the β-barrel. The same chromophore in
β-barrels with dierent residues can even lead to FPs with fundamentally dierent
properties. Therefore, changing one or more amino acids that form the chromophore
or the surrounding structure by mutagenesis can have a large inuence on the proper-
ties of the uorescent protein [38]. Since the discovery of the green uorescent protein
(GFP) [39,40] and its rst applications to biological research [41], many variants have
been developed by mutagenesis. These include GFPs with improved quantum yield,
folding eciency and absorption maximum (p. ex. enhanced green uorescent pro-
tein (EGFP) [42]), and uorescent proteins with dierent absorption and emission
maxima (p. ex. mRFP [43], mCherry [44]).
A further development are phototransformable FPs, which undergo transitions
between dierent uorescent and non-uorescent states upon irradiation. Subtypes
42 SOFI with reversibly photoswitchable fluorescent proteins
of phototransformable FPs are photoactivatable FPs, which change from a dark to
a uorescent state, photoconvertible FPs, which change uorescence wavelength,
and photoswitchable FPs (RSFPs), which reversibly switch between a dark and a
uorescent state. Among many other applications, phototransformable FPs enable
several important techniques in the eld of superresolution microscopy.
For instance, the fabrication of photoactivatable and photoconvertible FPs (p.
ex. EosFP [45]) was crucial for the development of photoactivated localization mi-
croscopy (PALM) [13,14,46]. Stochastically transferring a small subset of FPs to a state
uorescent at a certain wavelength (by photoactivation or photoconversion) allows
for the localization of this subset. Over the course of the data acquisition, additional
FPs are activated or converted and then localized, while others are rendered dark
due to photobleaching. Thus, all FPs can be localized and a complete superresolved
image can be reconstructed. While PALM can be performed using photoactivat-
able FPs, photoconvertible FPs are more convenient. Since they are in uorescent
states of dierent wavelengths before and after conversion, the rst emission wave-
length can be used to choose a suitable sample position and the successive switching
to the other for localization. Superresolution by RESOLFT microscopy [8] is based
on reversible saturable optical uorescence transitions between dierent states of
emitters. For example, transitions between a uorescent state of uorophore and a
dark state caused by stimulated emission can be used, or between the uorescent
and dark states of photoswitchable FPs. For RESOLFT microscopy with photo-
switchable FPs, only low irradiation intensities are necessary, reducing the risk of
light-induced damages.
Fluorescent proteins that undergo transitions between a uorescent and a non-
uorescent state upon irradiation (reversibly photoswitchable uorescent proteins
(RSFPs)) oer a wide range of applications as research tools. Consequently, since
the rst observation of photoswitching in proteins (in YFP [47]) and the rst design
of such proteins (p. ex. KFP [48], Dronpa [49]), these labels have been developed into
a large library of RSFPs [50,51]. Many RSFPs with improved properties are now avail-
able, such as enhanced resistance against switching fatigue, higher brightness and
dierent switching properties for many dierent applications. The photoswitching
is typically based on cis-trans isomerization of the chromophore and follows one of
three mechanisms [50]. In the cases of negative and positive switching, the wavelength
that elicits uorescence transfers the uorophore into the o-state or on-state, re-
spectively, and the uorophore is switched back by another wavelength. Dreiklang,
aptly named after the German word for a harmonic triad of three notes in music,
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is a special case [52]. Here, switching is decoupled from the illumination absorbed in





(a) rsEGFP and related green FPs with
negative switching are switched by 488 nm





(b) Dreiklang is switched by 401 nm and
365 nm light. Fluorescence is elicited at
514 nm.
Figure 19. Illustration of negative and decoupled switching. FPs with negative switching
are rendered dark by the wavelength responsible for uorescence (a). Dreiklang photo-
switching is decoupled from uorescence read-out (b).
Fig. 19 illustrates the dependence of the photoswitching on the irradiation wave-
lengths. Reversibly photoswitchable enhanced green uorescent protein (rsEGFP) [53]
and related green FPs with negative switching are transfered to their non-uorescent
state upon irradiation at ∼ 488 nm, which doubles as the uorescence read-out wave-
length. Fluorescence recovery is promoted with irradiation at 401 nm. Consequently,
continued uorescence excitation without irradiation at 401 nm only elicits uores-
cence light for a brief period of time, until all proteins have been transfered to the
non-uorescent state. Dreiklang uoresces upon excitation at 514 nm, is switched
to a dark state by 401 nm light, and switched back to the uorescent state by 365
nm light. Dreiklang thus can be imaged continuously with 514 nm, and o- and
on-switching by light of the respective wavelength is completely separate from the
uorescence read-out.
Since the properties of a uorescent protein depend on the chromophore itself as
well as its interaction with the side chains through multiple stabilizing noncovalent
interactions, the residues determine, among other things, the protonation state, po-
larization, spatial conformation, and rotational freedom. Side chains that keep the
chromophore rigidly in place prevent phototransformation, while phototransforma-
tion is enabled by residues that facilitate rearrangements and isomerization. Hence,
changing the residues by mutagenesis can dramatically alter the photoswitching be-
havior of an FP.
For proteins with negative switching behavior, studies support cis-trans isomeri-
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sation of the chromophore, concomitant to or followed by protonation, as underlying
molecular mechanism of the o-switching [50,54,55]. Typically, absorption spectra of
the protein in the on-state contain a band around 480 - 490 nm, corresponding
to the cis-conguration, which is replaced by a band around 400 nm, correspond-
ing to the trans-conguration, upon photoswitching to the o-state. To verify this
mechanistic view, mutant FPs with faster isomerisation and photoswitching were
created by removing bulky and obstructing side chains in the chromophore pocket
of Dronpa, facilitating the cis-trans isomerisation. The RSFPs developed as a con-
sequence are rsFastLime [56], where an exchange of the small glycine for the bulky
valin removed steric hindrance and increased the switching speed by a factor of
50, and Dronpa(M159T) [56] with over 1000-fold increase in switching speed due to
the exchange of threonine for methionine, but poorer quantum yield ΦFl (0.85 for
Dronpa, 0.77 for rsFastLime and 0.23 for Dronpa(M159T)). Similarly, EGFP was
used as a starting point for the development of uorescent proteins with negative
photoswitching. Examples are rsEGFP [53], rsEGFP2 [57] and rsEGFP(N205S) [58].
Of these proteins, the o-switching of rsEGFP2 is the fastest, followed by rsEGFP.
The photoswitching of rsEGFP(N205S) is slower, although not as slow as Dronpa's.
rsEGFP(N205S) emits about twice the number of photons per cycle than rsEGFP
and rsEGFP2 (which have quantum yields of 0.36 and 0.3), rendering it a very in-
teresting label.
Dreiklang [52] was developed from GFP mutant Citrine, which had shown a small
receptivity for uorescence modulation, by introducing four mutations. Among
other eects, these mutations increased the pKa of the chromophore and thereby
decreased the susceptibility to protonation. In the on-state, the autocatalytically
formed chromophore consists of two largely coplanar rings over which spans the
π-system responsible for uorescence. It exists in a protonated and an unproto-
nated form, resulting in two absorption bands with maxima at 412 nm and 511 nm.
Irradiation at the 511 nm band induces uorescence, while irradiation at 412 nm
induces o-switching by hydration of one of the rings. Hydration shortens the π-
system which causes the maximum of the absorption to shift to 340 nm. Irradiation
at this absorption band leads to on-switching by dehydration of the chromophore.
The decoupling of the switching from the uorescence and the consequent control
over the switching speeds via irradiation intensities make Dreiklang a versatile u-
orescent label, as demonstrated by its use for localization techniques as well as for
RESOLFT [52,59].
Induction of suitable statistically independent intensity uctuations in RSFPs
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allows for the expansion of SOFI to live cell imaging. The random blinking of
Dronpa at high read-out intensities has already been used for SOFI imaging [60], and
the variant pcDronpa2 was especially designed for combined SOFI and STORM
imaging [61]. However, while almost every type of blinking can be exploited, best
SOFI results are achieved if the blinking fullls certain conditions. Moreover, live
cell imaging requires fast data acquisition, and SOFI imaging is fastest when the
blinking conditions are met. Therefore, the ability to tune the photoswitching
behavior is desirable. Such control of the duration of the on- and o-states of
RSFPs, while ensuring that the transitions remain statistically independent, can be
achieved by a suitable choice of the irradiation intensities. rsEGFP [53], rsEGFP2 [57],
Dronpa(M159T) [56], rsFastLime [56], and rsEGFP(N205S) [58], which cover a large va-
riety of negative switching kinetics, as well as Dreiklang [52] were chosen as potential
SOFI labels.
4.2 Principle of photoswitching control
4.2.1 Inducing intensity uctuations
Since switching from the uorescent to the non-uorescent state and back depends
on irradiation by light of certain wavelengths, it should be possible to control the
switching by controlling the intensity of the light. Photoswitching control can thus
be achieved by continuous irradiation at specic intensities of the o-switching wave-
length, the on-switching wavelength and the wavelength for uorescence readout.
These are three distinct wavelengths for Dreiklang, while o-switching and readout
wavelength are the same for the proteins with negative photoswitching.
Continuous irradiation of the proteins with negative switching with 488 nm light
elicits uorescence, but also switches the proteins to a dark-state. The o-switching
can be counterbalanced by on-switching through additional continuous irradiation
with light of 401 nm, otherwise uorescence vanishes. For conventional imaging with
RSFPs with negative switching behavior, both wavelengths are used at high inten-
sities. This leads to very fast on-switching, negligible duration of the o-state, and
therefore quasi-continuous uorescence from each individual protein. By reducing
the irradiation intensity at 488 nm, the duration of the on-state can be extended,
while the average number of emitted photons per on-state remains unchanged. Sim-
ilarly, reducing the intensity at 401 nm extends the o-state. Consequently, by ad-
justing the intensities for both wavelengths, intensity uctuations can be induced.
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The decoupled switching of Dreiklang diers, as the uorescence readout irradiation
at 514 nm is independent of the switching. As a result, the irradiation intensity at
514 nm can be chosen more freely, while the intensities of the on- and o-switching
wavelengths (365 nm and 401 nm, respectively) are adjusted to control the blinking.
Although the absorption maximum of the Dreiklang on-switching lies at 365 nm,
irradiation at 375 nm is almost as eective and was used for on-switching for all
experiments.
4.2.2 Ensemble studies of photoswitching kinetics
As a rst step towards SOFI with RSFPs, the irradiation intensity combinations
that generate the optimal blinking had to be identied. To this end, the lifetimes of
the on- and o-states (τoff and τon, respectively) were extracted from uorescence
time traces of protein ensembles. The time traces were measured by irradiating
E.coli lled with the uorescent protein continuously with the uorescence readout
light and periodically with the photoswitching wavelengths. Typically, time traces
were recorded from three to four E.coli per condition, each with multiple switching
events, over 25 to 75 s at an exposure time of 2.5 ms to ensure a high temporal
resolution. Time traces were calculated by subtracting the time-dependent average
background from the time-dependent average intensity of the bacteria uorescence
and correcting for bleaching. Then, exponential ts were performed to extract the
half lifes of the decay and rise, which serve as a measure for the lifetimes of the
states.
4.2.2.1 Fluorescent proteins with negative photoswitching
To record time traces of proteins with negative photoswitching, samples were contin-
uously irradiated at a constant 488 nm intensity. Irradiation at 401 nm was added
for periods of several seconds. An exemplary measured time trace from the protein
rsEGFP(N205S) with a schematic of the irradiation is shown in Fig. 20. A high
uorescence signal was recorded during irradiation with both wavelengths. Upon
removal of 401 nm irradiation, the uorescence decayed exponentially to a constant
background level. Fitting of this exponential decay curve yielded τfall which is iden-
tical to τoff , the half life of the on-state, and depends on the irradiation intensity at
488 nm. Upon renewed irradiation at 401 nm, the uorescence intensity rose expo-
nentially to its former value. An exponential t of this rise yielded τrise. During the
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Figure 20. Example of a time trace of rsEGFP(N205S), a protein exhibiting negative
photoswitching. An ensemble of the protein is continuously irradiated at 488 nm, and
periodically at 401 nm. τoff and τon can thus be determined.
rise of the uorescence signal, two competing processes take place: on-switching by
401 nm and o-switching by 488 nm. As a result, τrise depends on the intensity of
both wavelengths. τon, the lifetime of the o-state, can be calculated from τfall and
τrise, according to
1/τon = 1/τrise − 1/τfall, (15)
or, in rate constants,
kon = krise − kfall. (16)
τon then depends only on the intensity of the irradiation at 401 nm.
Although this approach is reasonably suitable for the low irradiation intensities
used, it is a simplication of the behavior of RSFPs with negative photoswitching.
Apart from the main o- and on-state, it is possible that intermediate states play
a role in the switching, leading to multiexponential decay curves. Additionally,
crosstalk and thermal relaxation from the dark state can cause extra photoswitching.
Bleaching is likely at simultaneous irradiation with the on- and o-switching light,
and although we corrected for it, bleaching artifacts may still be present.
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Figure 21. Example of a time trace of Dreiklang, a protein exhibiting decoupled photo-
switching. An ensemble of the protein is continuously irradiated with light of 514 nm to
elicit uorescence. Irradiation at 401 nm promotes o-switching, while irradiation at 375
nm promotes on-switching. From these time traces, τoff and τon can be calculated.
4.2.2.2 Fluorescent proteins with decoupled photoswitching
Since Dreiklang's switching is decoupled from the uorescence readout, the read-out
wavelength (514 nm) can be used at any intensity, while the switching is controlled
using two additional wavelengths. The recording of a time trace with Dreiklang
therefore consisted of constant irradiation at 514 nm, and periodic, alternating ir-
radiation at 401 nm and 375 nm.
Figure 21 shows an example of a time trace with a schematic of the irradiation.
As soon as irradiation at 401 nm was added, exponential decay of the uorescence
intensity to a constant background set in, yielding the lifetime of the on-state τfall.
It depends only on the intensity of 401 nm irradiation and was therefore identical
to τoff . Stopping irradiation at 401 nm had negligible inuence on the uorescence,
while irradiating at 375 nm led to an exponential rise to complete uorescence re-
covery. The exponential t yielded the lifetime of the o-state, τrise. In the case
of Dreiklang, τrise is identical to τon and depends only on the intensity of 375 nm.
An overview of the dierent lifetimes τ as a measure for the duration of on- and
o-states for both types of photoswitching kinetics is given in Table 2. As is the case
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for the proteins with negative switching, this approach is based on a simplication
of the behavior of Dreiklang at low irradiation intensities.
negative switching decoupled switching
τoff τfall τfall
τon 1/τrise − 1/τfall τrise
Table 2. Relation of lifetimes of the on- and o-states (τoff and τon) to lifetimes extracted
from time traces (τfall and τrise), for proteins with negative and decoupled photoswitching.
4.2.3 Lifetimes determined from time traces
The lifetimes of the o- and on-states (τon and τoff ) depend strongly on irradiation
intensities, as can be seen in the comparison of two time traces of rsEGFP(N205S)
in Fig. 22 recorded under laser excitation. For both time traces, the intensity of 401
nm was kept constant, resulting in the very similar values for τon of 251 ms (Fig.
22a) and 258 ms (Fig. 22b), as well as an identical appearance of the uorescence
intensity increase. The intensity at 488 nm used for Fig. 22a, in contrast, was only
a fth of that used for Fig. 22b. This resulted in slower o-switching in the rst
case (Fig. 22a), with a τoff of 1833 ms, compared to 221 ms for the second case
(Fig. 22b).
Lifetime results were consistent for the E.coli measured at a specic intensity setting
and measurement occasion. When repeating experiments with identical samples and
settings on a dierent occasion, however, results almost always diered from the
previous measurements. For example, the lifetimes of rsEGFP(N205S) at 10 % 401
nm and 50 % 488 nm laser intensity were τoff = 141 ± 10 ms and τon = 13 ± 1
ms, measured on three bacteria, each with multiple switching events. On a later
occasion, the same settings yielded the reduced lifetimes of τoff = 47 ms and τon =
10 ms in a control experiment on one bacterium. Likewise, Dreiklang lifetimes at
100 % 401 and 375 nm and 20 % 514 nm laser intensity were τoff = 154 ± 12 ms
and τon = 196 ± 12 ms in the rst measurements, but were shortened to τoff = 76
ms and τon = 67 ms in the experiment on the second occasion.
Since heavily used setups are re-adjusted frequently, a likely reason for these
deviations is a slightly dierent adjustment of the light source that alters the surface
power density on the sample. Although the laser adjustment seemed identical for
all measurements, small, unavoidable dierences changed the photoswitching speed










(a) 5% 488 nm, 1 % 401 nm










(b) 25% 488 nm, 1 % 401 nm
τoff = 221 ms, τon = 258 ms
Figure 22. Comparison of time traces of rsEGFP(N205S) at dierent irradiation intensity
combinations. 401 nm irradiation intensity was identical for both curves, resulting in
similar lifetimes of the o-state (τon). O-switching was faster and τoff shorter in (b), due
to the higher intensity of 488 nm irradiation.
noticeably. In this particular case, all lasers in question apparently were better
aligned on the second occasion, leading to higher surface power density and faster
photoswitching. This can not be veried directly, as the error of measurements of
the surface power density greatly exceeds the deviations due to slight dierences
in alignment. As a consequence, only measurements from the same measurement
occasion are compared.
4.2.4 Inuence of irradiation intensity on photoswitching
The dependences of photoswitching on irradiation intensities are illustrated in plots
of the lifetimes against the intensity of the o-switching light. An estimation for such
a dependence plot is shown in Fig. 23. Although the photoswitching of proteins with
negative and decoupled switching diers, their dependency of the lifetimes of the
on- and o-states on the intensities of the irradiation used for switching is similar.
τon depends on the intensity of the on-switching light. Consequently, the curve
is expected to be roughly parallel to the x-axis, at a shorter lifetime for a higher
intensity of the on-switching light and at a longer lifetime for a lower intensity. Since
τoff can be considered independent of the on-switching light, curves for higher and
lower on-switching intensity in theory are identical and decrease exponentially with
increasing intensity of the o-switching wavelength.
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For proteins with negative switching, 401 nm is the on-, and 488 nm is the o-
switching light, whereas for Dreiklang with its decoupled switching 375 nm is the
on-, and 401 nm is the o-switching light. For Dreiklang, the intensity at 514 nm
was kept constant for each dependency plot. Theoretically, from such a plot, the
ideal intensities for the desired switching can be chosen. However, additional eects
complicated the choice of parameters.






Figure 23. Scheme of the idealized estimated dependence of lifetimes on irradiation inten-
sities. The intensity of the on- and o-switching light determines τon and τoff , respectively.
4.3 Determination of photoswitching
To identify the proteins best suited for SOFI, the dierent photoswitching kinetics
of several RSFPs were studied. Furthermore, knowledge about the dependence of
photoswitching behavior on irradiation intensities allows for the control of the inten-
sity uctuations. The studies consequently cover the lifetime ranges most interesting
for SOFI. From the proteins with negative switching we chose Dronpa(M159T), rs-
FastLime, rsEGFP, rsEGFP2, and rsEGFP(N205S) for the experiments. Addition-
ally, the potential of the decoupled switching of Dreiklang for SOFI was studied.
Two wideeld setups, one equipped with lasers (see 7.2.2) and one with LEDs (see
7.2.1), were used for the evaluation of the proteins with negative photoswitching.
On the LED setup, two dierent wavelengths for the combined o-switching and
uorescence readout were studied, leading to a total of three dierent setup options.
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For Dreiklang, the wideeld setup equipped with lasers was used.
Photoswitching control proved to be most reliable for rsEGFP(N205S) and Drei-
klang, making them the RSFPs most promising for imaging. Therefore, this section
focuses on their photoswitching. The photoswitching kinetics of rsEGFP, rsEGFP2,
Dronpa(M159T), and rsFastLime are presented as supplementary data in section 8.
Note that the irradiation intensities are given relative to total laser or LED
power due to the error-prone nature of the measurements of sample surface power
density. Table 3 (section 7) links total power to approximate surface power density.
Furthermore, lifetime values given are only valid for the specic experiment, as the
photoswitching is very sensitive to small deviations in the conditions.
4.3.1 rsEGFP(N205S)
For the proteins with negative photoswitching, the lifetimes of the on- and o-
states were determined for a large number of irradiation intensity combinations as
described in 4.2.2.1. The plots in Fig. 24 illustrate the dependence of the lifetimes
on the irradiation intensities. The photoswitching was studied under three dierent
illumination conditions:r 488 and 401 nm LED illumination (Fig. 24a),r 514 and 401 nm LED illumination (Fig. 24b), andr 488 and 401 nm laser illumination (Fig. 24c and Fig. 24d).
According to the theoretical view of negative photoswitching, the higher the 488
nm intensity, the faster is the transfer of the chromophores to their o-states. As
a result, τoff decreases with increasing 488 nm intensity. Since, in this idealized
view, the o-switching is not inuenced by the 401 nm irradiation, the τoff curves
for all 401 nm intensities are similar. The transfer to the on-state, on the other
hand, is mediated by irradiation at 401 nm and theoretically independent of 488 nm
intensity. Therefore, τon is approximately constant at dierent 488 nm intensities.
Higher 401 nm intensity causes faster on-switching, leading to lower τon values.
At 488 nm and 401 nm LED irradiation (Fig. 24a), τoff showed the expected
dependences, with values well in the regime useful for SOFI (15 to 80 ms). While
τon could be considered constant for the higher intensity of 401 nm (0.04 %) as
estimated, it decreased with increasing 488 nm intensity for the lower intensity of
401 nm (0.02 %). The lifetimes at 514 nm and 401 nm LED irradiation (Fig. 24b)
excellently t the expectations. τoff was almost identical for both 401 nm intensities
and decreased with increasing 488 nm intensity, while τon was unaected by changes
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(a) 488 and 401 nm LED








(b) 514 and 401 nm LED








(c) 488 and 401 nm laser








(d) 488 and 401 nm laser
(without τon of 0.1 % 401 nm)
Figure 24. rsEGFP(N205S) photoswitching under dierent irradiation conditions.
in 488 nm intensity, but depended strongly on 401 nm intensity. At 488 nm and
401 nm laser irradiation (Fig. 24c and Fig. 24d, rescaled for clarity), τoff decreased
with increasing intensity of 488 nm irradiation, as expected. Additionally, the τoff
curves for all intensities of 401 nm were very similar, with the exception of the values
of τoff for the lowest 488 nm intensity (5 %). τon was approximately constant with
respect to the intensity of 488 nm illumination for the higher 401 nm intensities (1
and 10 %). For the lowest intensity of 401 nm (0.1 %), however, τon decreased with
increasing 488 nm intensity.
While the photoswitching of rsEGFP(N205S) t this model very well with only
few exceptions, the behavior of all other investigated RSFPs with negative switching
deviated from this view to varying degrees.
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4.3.2 Dreiklang
The photoswitching of Dreiklang was studied as described in 4.2.2.2. Since irradia-
tion at 514 nm elicits uorescence but has negligible inuence on the photoswitching,
the experiments were carried out at a constant 514 nm intensity. Dreiklang's on-
switching depends on the intensity of the 375 nm irradiation and its o-switching on
the intensity of 401 nm. As for rsEGFP(N205S), Dreiklang lifetimes were plotted
against the intensity of the o-switching wavelength to illustrate the dependences.
τoff is estimated to decrease with increasing intensity of 401 nm irradiation, due to
accelerated o-switching. τon is approximately constant with respect to the 401 nm
intensity, but a higher intensity of 375 nm leads to shorter times in the o-state and
therefore lower values of τon.
Figure 25 shows the photoswitching of Dreiklang at varying 401 nm and 375
nm laser irradiation. For clarity, three dierent scalings are shown: the full plot
(Fig. 25a), the plot without τon for 5 % 375 nm intensity (Fig. 25b), and the plot
rescaled to lifetimes from 0 to 1000 ms (Fig. 25c). τoff t the expectations very
well, as it decreased with increasing 401 nm intensity. Furthermore, the curves for
dierent intensities of 375 nm were very similar, with the exception of the values
for the lowest of the investigated 401 nm irradiation intensities (1 % 401 nm). τon
was approximately constant with regard to the 401 nm intensity for the higher 375
nm intensities (50 and 100 %). τon for the lowest 375 nm intensity (5 %), however,
deviated from the expectations with a very high value and standard deviation at
0.01 % intensity of 488 nm.
4.3.3 Discussion
In general, several additional eects can inuence the photoswitching kinetics. Resid-
ual bleaching, for example, impairs the accuracy of lifetime tting. Furthermore,
thermal relaxation from the dark state leads to a uorescence increase indepen-
dent of the on-switching irradiation. This eect is especially pronounced for the
long measurement times and low irradiation intensities used for the photoswitching
experiments. Additionally, cross-talk can lead to switching caused by the wrong
wavelength, changing the dependencies.
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(a) 488, 401, and 375 nm laser








(b) 488, 401, and 375 nm laser
(without τon of 5 % 375 nm)








(c) 488, 401, and 375 nm laser
(without τon of 5 % 375 nm, rescaled)
Figure 25. Dreiklang photoswitching under laser irradiation.
4.3.3.1 rsEGFP(N205S)
The surprising decrease of τon with increasing 488 nm intensity at 488 and 401 nm
LED illumination (Fig. 24a) indicates an inuence of the 488 nm irradiation on
the o-time. Although switching is most eciently mediated by light of approxi-
mately 401 nm, longer wavelengths can also trigger the transition from the o- to
the on-state. While the emission maximum of the 488 nm LED used as light source
was 488 nm, shorter wavelengths were also emitted, and the shortest wavelength
able to pass the emission lter was approximately 475 nm. Consequently, a certain
degree of on-switching by the 488 nm illumination is possible. Since the eciency of
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the on-switching decreases with increasing wavelength, I studied whether this eect
was present under 514 and 401 nm LED illumination (Fig. 24b). With 514 nm as
o-switching light, the dependency of τon on its intensity disappeared, conrming a
certain degree of on-switching by 488 nm in addition to the expected o-switching.
This eect was most noticeable in the case of irradiation at low 401 nm intensity and
consequent slow on-switching. When the intensity of 401 nm irradiation was high
and the on-switching therefore fast, the extra transitions were not observable in the
experiment, leading to an approximately constant τon. As expected, uorescence
read-out and o-switching were more eciently mediated by 488 nm than by 514
nm irradiation.
τon resulting from 488 and 401 nm laser illumination were as expected for high in-
tensities of 401 nm irradiation, but deviating for the lowest intensity studied. While
on-switching due to 488 nm irradiation is a possible reason for this behavior, it is
unlikely, since in contrast to LED excitation, laser excitation only covers a spectral
range of a few nanometers. Furthermore, the divergence in τoff values for the low-
est 401 nm intensity indicated thermal relaxation. Thermal relaxation causes the
irradiation-independent transition of the chromophore from the o- to the on-state.
The eect is most noticeable for very low irradiation intensities. This additional
on-switching independent from irradiation led to a perceived reduction of the o-
switching. As a result, exponential ts of the uorescence decay yielded generally
higher τon values. The large variations in the values were probably due to uctu-
ations in the extend of the thermal relaxation. Likewise, additional on-switching
by thermal relaxation changes the lifetime of the o-state, possibly causing the dif-
fering τoff values of dierent on-switching wavelengths at the lowest intensity of
o-switching irradiation (5 % of 488 nm). Additionally, while the τoff values dier,
their order is not correlated with the intensity of the 401 nm illumination, indicating
random uctuations of the thermal relaxation.
Of the investigated proteins with negative switching, the best reproducibility of
the lifetime modication could be achieved for rsEGFP(N205S). Additional advan-
tages of rsEGFP(N205S) are its high photon yield per switching cycle and the fact
that the lifetimes of its on- and o-state are tunable to values very suitable for SOFI.
Regarding the light source, the results show clearly that photoswitching control
is best exerted using laser irradiation. With laser irradiation, undesired on-switching
is prevented while still irradiating at the absorption maximum of the chromophore,
thus providing high o-switching and uorescence eciency.
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4.3.3.2 Dreiklang
Due to the decoupled switching, control of Dreiklang photoswitching is convenient
and highly suitable for SOFI. The dependence of the lifetimes on the irradiation
intensities t well with the estimations. The most notable exception was τon at the
lowest intensities of both on- and o-switching irradiation. As is obvious from the
extreme standard deviation, the results for these parameters were very dierent and
unreliable. A likely reason is on-switching independent from irradiation by thermal
relaxation, the eects of which are typically most noticeable at low irradiation inten-
sities. The resulting additional on-switching causes higher values of τon. The large
variations were due to uctuations in the extend of the thermal relaxation. Likewise,
thermal relaxation caused the diering τoff values of dierent on-switching wave-
lengths at the lowest intensity of o-switching irradiation. Crosstalk, on-switching
caused by 401 nm irradiation, is improbable given the spectral properties of Drei-
klang, and has not been observed before.
The lifetimes of the states for the other investigated intensities are very suitable
for SOFI. Examples are o-times of 200 and 370 ms for 100 and 50 % intensity of
375 nm, respectively. Irradiation with 100 % 401 nm intensity yields on-times of 60
ms, which is of equally excellent use for SOFI.
4.4 Calibration of photoswitching
The aim of the experiments described above was to determine the illumination pa-
rameters leading to uorescence intensity uctuations perfectly adjusted for SOFI.
I was able to gain valuable insight into the various dependencies and to identify
promising intensity regions as well as the best light source for photoswitching con-
trol. However, the most important nding was that the photoswitching of the chro-
mophores is extremely sensitive to small, unavoidable changes of conditions. These
conditions include the cellular environment of the proteins, or a slightly dierently
adjusted beam path and the resulting variations in surface power density. Due to
this sensitivity, the lifetimes frequently deviated by factor ve or even ten for data
sets recorded in dierent sessions, although great care was taken to achieve identical
conditions.
Consequently, specic intensity settings were no reliable means to reproducibly
induce the desired uctuations in the chromophores. To solve this problem, I devised
calibration measurements carried out directly before the actual imaging similar to
58 SOFI with reversibly photoswitchable fluorescent proteins
the experiments described in 4.2.2. Based on the previous kinetics experiments, the
photoswitching behavior is estimated, and the conditions most likely to yield the
required lifetimes for the particular protein can be chosen. The actual switching at
the chosen parameters is then screened by a calibration experiment, and the condi-
tions can be modied accordingly, if necessary. Thus, the switching can be directly
controlled and monitored.
Naturally, this calibration depends on the accuracy of the measured on- and o-
state lifetimes. Any problems caused by crosstalk can be avoided by careful choice
of the wavelengths. Furthermore, both crosstalk and thermal relaxation are only
noticeable at very low switching intensities, and are negligible for the intensity re-
gions suitable to induce intensity uctuations for SOFI. Finally, SOFI is very exible
regarding the blinking behavior, and slight deviations from the assumed switching
do not impair the eciency of the technique.
4.5 Imaging
With the photoswitching of RSFPs under control and tunable to the requirements
of SOFI, rsEGFP(N205S) and Dreiklang were chosen for the imaging of live mam-
malian cells. The switching of rsEGFP(N205S) is slower than of the other tested
proteins and the number of photons emitted on average during the time of one
on-state is comparatively high, ensuring a high SNR. Furthermore, the reaction of
rsEGFP(N205S) to changes in irradiation intensity proved more predictable and
therefore more suitable than that of any of the other evaluated FPs. The decoupled
switching of Dreiklang, on the other hand, allows for the convenient adjustment of
the read-out intensity separate from the intensities of the switching wavelengths.
Taking into account the necessary laser intensity to generate the corresponding
switching behavior, the risk of photobleaching, and the camera capabilities on one
side and the desire for overall short imaging times on the other, exposure times of
20 to 50 ms are ideal.
4.5.1 Continuous excitation
4.5.1.1 rsEGFP(N205S)
Combinations of on-times of 63 to 82 ms and o-times of 9 to 848 ms were evaluated
for rsEGFP(N205S) imaging. While most of the tested parameter combinations
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a) wideeld b) basic SOFI c) wide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d) basic SOFI
Figure 26. Wideeld (a) and basic SOFI image (b) of the rsEGFP(N205S)-labeled vi-
mentin structure of a live HeLa cell, with corresponding zoom-ins of boxed area (c, d).
Exposure time: 50 ms, τon = 9 ms, τoff = 81 ms. Scale bar: 5 µm, zoom-in 1 µm.
yielded satisfying results, best quality could be achieved with very short o-times.
Shorter o-times result in a higher number of switching events per frame, leading
to a more reliable detection of the switching emitter.
Images of the vimentin structure of a HeLa cell labeled with rsEGFP(N205S)
are shown in Fig. 26 and Fig. 27. Since the same intensity of 488 nm irradiation
was used for both, their on-times are near identical (∼ 81 ms). The intensity of
the 401 nm irradiation, in contrast, was double the value for Fig. 26 than for Fig.
27, resulting in a shorter o-time for the former (9 ms and 13 ms, respectively).
Compared to the wideeld image, the basic SOFI images show increased resolution
a) wideeld b) basic SOFI c) wideeld
d) basic SOFI
Figure 27. Wideeld (a) and basic SOFI (b) image of the rsEGFP(N205S)-labeled vi-
mentin structure of a live HeLa cell, with corresponding zoom-ins of boxed area (c, d).
Exposure time: 50 ms, τon = 13 ms, τoff = 82 ms. Scale bar: 5 µm, zoom-in 1 µm.
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and reduced background.
The visibility of some of the ne, dim laments would be improved by apply-
ing Fourier reweighting and, most importantly, linearization. The quality of Fourier
reweighting and linearization depends on the accuracy of the PSF model. For QDots,
for example, the PSF can be determined experimentally, by tting Gaussian func-
tions to images recorded from samples with single emitters. In contrast, determining
the PSF for the exact conditions of RSFP SOFI data acquisition proved dicult.
4.5.1.2 Dreiklang
For Dreiklang, the on-times studied were 80 to 2746 ms and the o-times were
22 to 2869 ms. As for rsEGFP(N205S), SOFI showed the best results using data
with short o-times. There were, however, exceptions. For example, occasionally, a
movie with both on- and o-time longer than 2000 ms yielded a good result. The
vimentin structure of a HeLa cell labeled with Dreiklang is shown in Fig. 28. The
proteins had an o-time of 200 ms and an on-time of 240 ms, and were imaged at
30 ms exposure time. Comparing the wideeld Fig. 28a and basic SOFI images
(Fig. 28b) and the corresponding zoom-ins shows that the background is reduced
and the resolution is enhanced. Linearization of the basic SOFI image based on an
estimation of the PSF improves the resolution and the visibility of darker laments




Figure 28. Wideeld (a), basic SOFI (b) and deconvolved SOFI (c) image of the
Dreiklang-labeled vimentin structure of a live HeLa cell, with corresponding zoom-ins of
boxed area (d, e, f). Exposure time: 30 ms, τon = 200 ms, τoff = 240 ms. Scale bar: 5
µm, zoom-in 1 µm.
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to an even greater extent (Fig. 28c).
Structural details that are not discernible in the conventional image are made
visible by the linearization of SOFI based on an estimated PSF (Fig. 29). Even the
separation of two thin laments in close proximity becomes possible, as can be seen
in the zoom-ins of Fig. 29c and Fig. 29d, and the prole of the laments along the
indicated lines (Fig. 29e). The data used for the analysis of the vimentin structure
was recorded with the unusual parameter combination of an o-time of 2050 ms, an
on-time of 2750 ms, and an exposure time of 30 ms. Surprisingly, the data yielded
a basic SOFI image in a quality comparable to data with better tting intensity
uctuations.













Figure 29. Wideeld (a) and deconvolved SOFI (b) image of the Dreiklang-labeled
vimentin structure of a live HeLa cell, with corresponding zoom-ins of boxed area (c, d)
and prole (e) indicated in zoom-in. Exposure time: 30 ms, τon = 2050 ms, τoff = 2750
ms. Scale bar: 8 µm.
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4.5.2 Pulsed excitation
Photobleaching is detrimental to the SOFI resolution. Although rsEGFP(N205S)
and Dreiklang are among the FPs most stable against photobleaching, the risk is still
high, especially under continuous irradiation at all absorption maxima. Using pulsed
illumination, in contrast, reduces the risk. To assess whether pulsed excitation is
advantageous for SOFI, calibration measurements were performed to determine the
on- and o-times at specic intensity settings and choose irradiation pulse durations.
τoff and τon are typically used as measure for the duration of the respective state.
They are dened as the time after which half of the emitters have been photoswitched
under irradiation with the respective wavelength. This holds true for continuous as
well as pulsed irradiation. Therefore, the lifetimes can be distributed over a desired
number of frames by adjusting the pulse length. The pulse length is determined by





Figure 30. Schematic of pulsed excitation: the duration of the on- and o-states is
determined by the length of the pulses. For negative switching (a), o-switching depends
on the length of the 488 nm pulses (identical to the exposure time), while on-switching
depends on the length of the 401 nm pulses between the frames. For decoupled switching
(b), both on- and o-times depend on the length of the respective pulses.
For proteins with negative switching, like rsEGFP(N205S), 488 nm irradiation is
synchronized with the exposure time of the camera, thus avoiding unnecessary irra-
diation at times without detection. The exposure time is chosen to t the desired
ratio of on-time to frames, in the same way as for continuous irradiation. For ex-
ample, if τoff = 90 ms and the emitters are required to be in the on-state for three
frames on average, the exposure time is set to 30 ms.
In contrast to continuous excitation, on-switching is mediated by short pulses of
the on-switching wavelength (401 nm) between the pulses of 488 nm irradiation and
simultaneous detection (Fig. 30a). The number of frames over which the o-state
is distributed is controlled by adjusting the pulse duration. If τon = 10 ms, for
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example, 401 nm pulses of 5 ms lead to o-states lasting two frames on average.
For Dreiklang imaging, illumination with the read-out wavelength 514 nm and
camera exposure are synchronized as well. Due to the decoupling of uorescence
and photoswitching, the intensity of 514 nm and the exposure time can be chosen
freely, while the on- and o-switching is controlled by the length of the successive
pulses of 401 nm and 375 nm in between frames (Fig. 30b). Nevertheless, calibration
measurements and movie acquisition for SOFI were carried out at the same intensity
of 514 nm to avoid any possible deviations.
a) wideeld b) SOFI
Figure 31. Wideeld (a) and basic SOFI image (b) of the Dreiklang-labeled vimentin
structure of a live HeLa cell with pulsed excitation. Exposure time: 50 ms, τon = 3 frames,
τoff = 5 frames. Scale bar: 5 µm.
Imaging results, however, were disappointing. Image quality of many data sets
recorded with dierent combinations of pulse duration and exposure time were com-
pared for both Dreiklang and rsEGFP(N205S). Despite well-adjusted photoswitching
and high SNR, SOFI imaging was not satisfactorily reproducible with pulsed exci-
tation. Exemplary images of vimentin labeled with Dreiklang and imaged at pulsed
excitation are shown in Fig. 31. On- and o-states were adjusted to a duration of
ve and three frames, respectively.
4.5.3 Discussion
Tunable RSFPs were determined to be excellent labels for live cell SOFI. Photo-
switching control with continuous illumination at carefully chosen intensities yielded
good quality images for a variety of photoswitching characteristics. Exceptions were
very long o-times, which resulted in a number of switching events per emitter and
movie not sucient for SOFI computation. Linearization of the SOFI intensity re-
sponse allowed for the resolution of laments in close proximity that could not be
resolved in wideeld imaging.
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Interestingly, in some cases, good SOFI results could be obtained with Dreiklang
despite extremely long lifetimes of both the on- and the o-state. An example was
shown in Fig. 29, calculated from a data set with an exposure time of 30 ms, τon
= 2050 ms, and τoff = 2750 ms. Theoretically, at such conditions, the number
of transitions from the on- to the o-state and back of each chromophore during
the course of the movie is too low for SOFI. Additionally, the uorescence of each
on-state is distributed over a large number of frames, thereby lowering the SNR
to an unacceptable level. As a result, these parameters are not suitable for SOFI,
and typically, no images could be calculated from similar data sets. Surprisingly,
Dreiklang data provided a few exceptions, while all results from rsEGFP(N205S)
data were in complete accord with the expectation.
A possible reason for these exceptions lies in the determination of the lifetimes.
Calibration measurements are carried out on protein-lled E.coli. Although most
RSFPs show slightly dierent behavior in bacteria than in live mammalian cells,
the deviations are typically negligible and the lifetimes determined by calibration
experiments are valid for the imaging of mammalian cells. Nevertheless, it is pos-
sible that the kinetics of Dreiklang are more strongly altered by the chemical and
biological environment of certain cells, potentially accelerating the transitions of
the chromophores. In this case, the actual photoswitching would be faster than the
switching determined in E.coli and thus be suitable for SOFI. Since the reversed
case, theoretically suitable parameters not resulting in good imaging results, has
not been observed, this phenomenon is of little impact for Dreiklang imaging.
Pulsed excitation was evaluated as a means to reduce the risk of photobleaching
compared to continuous excitation. Since photobleaching can be detrimental for
SOFI image quality, data acquisition with pulsed excitation potentially leads to a
higher quality of images. Irradiation and exposure times were chosen to reproduce
the photoswitching behavior previously used for successful imaging at continuous
excitation. In addition to potentially reduce the risk of photobleaching, pulsed exci-
tation oers an elegant way of photoswitching control. Once lifetimes are determined
with respect to specic irradiation intensities, pulsed excitation allows for convenient
tuning of exposure time and switching behavior. The duration of on- and o-states
can be adjusted to any desired number of frames by simply adjusting the pulse
length. Adjustment by using dierent irradiation intensities, in contrast, requires
additional calibration measurements for each change.
Surprisingly, the image quality of continuous excitation could not be achieved.
The reason for this is yet unclear. It is possible that the pulsed excitation caused
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unpredicted reactions in the chromophores, resulting in photoswitching behavior
deviating from expectations. However, SOFI is very exible regarding the blinking
behavior of emitters, and only a strong deviation would lead to a noticeable decline
of image quality.
The general image quality of continuous excitation was slightly below the expec-
tations compared to SOFI with other labels. Consequently, we considered possible
reasons and options to increase the image quality. One of the potentially detrimen-
tal inuences on SOFI is photobleaching. Although photobleaching was low, the
benets of pulsed excitation were evaluated, but unfortunately, the results remained
inconclusive. Insucient SNR or brightness of individual emitters can impair SOFI
quality as well. Despite the generally lower quantum yields of RSFPs compared
to QDots and organic dyes, the SNR of the data was usually excellent. Moreover,
the applicability of Dreiklang as a label for localization microscopy has been demon-
strated [52], indicating a perfectly sucient individual brightness. Another possibility
is that the blinking of the emitters was not perfectly adjusted to SOFI requirements.
However, data acquired at a large range of combinations of lifetimes and exposure
times yielded almost identical imaging results. Furthermore, SOFI is typically very
exible towards the intensity uctuations. While ideal blinking is preferable with re-
gard to total imaging time, deviations are compensated easily, as was demonstrated
with SOFI using the inherent blinking of QDots. Although SOFI can operate at
much higher labeling densities than localization methods, there is an upper limit.
Typically, this limit is not reached by biological samples. Nevertheless, I evaluated
the eect of reduction of the labeling density on SOFI by deliberate photobleaching
of the sample before movie acquisition, with no improvement of the result.
Apparently, there are either unknown complexities to RSFPs photoswitching, or
so far unknown factors determining the suitability of data for SOFI.
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5 SOFI with organic dyes
5.1 Organic dyes
Organic dyes, such as Alexa Fluor 647 (Fig. 32), are extended aromatic organic
molecules capable of luminescence and frequently used in immunostaining proto-
cols. Due to the delocalization of their π-electrons, they possess HOMO-LUMO
gaps corresponding to the energy of visible light. The spectral properties of an or-
ganic dye can be altered by modication of the substituents on the aromatic system.
Under constant irradiation at the absorption maximum, such a uorophore contin-
uously cycles between the single electronic ground and rst excited state S0 and S1,
emitting a photon with each relaxation to S0. This property is used for uorescence
microscopy, where dyes are attached to structures of interest using immunostaining
techniques. Due to intersystem crossing (ISC) to the rst excited triplet state T1,









Figure 32. Molecular structure of Alexa Fluor 647
5.2 dSTORM: (direct) stochastic optical reconstruction mi-
croscopy
All localization methods are based on generating short uorescent states and long-
lived dark states in the label. This blinking allows for the subsequent recording of
many images of the sample, each with a dierent small subset of uorophores in
the on-state. As a result, the recorded patterns of the uorophores do not overlap
in each frame. By calculating Gaussian ts of the PSF patterns, the most likely
position of the emitter can be determined, which is not possible in the case of
68 SOFI with organic dyes
overlapping PSFs. The localization accuracy, and in consequence the achievable
resolution, depend strongly on the number of photons emitted by each uorophore:
the more photons are detected from an emitter, the more exact is the t and the
more precise is the localization. Eventually, all individually calculated localizations
are added up to one superresolved image.
Figure 33. Energy levels of organic dye photoswitching. Fluorescence (kf ) can be inter-
rupted by intersystem crossing (kisc) to T1, a short dark state. Form there the dye can be
reduced to a long-lived dark state (kred) and lastly oxidized back to S0 (kox).
Organic dyes naturally provide a short o-state resulting from ISC from the rst
singlet state S1 to the rst triplet state T1. The lifetime of the dark triplet state, how-
ever, is typically only milliseconds to seconds, too short for localization microscopy
on densely labeled biological samples. To generate the required extended o-states,
the triplet state is reduced. The dye is thus transfered to a non-uorescent state
with a lifetime of several seconds to tens and even hundreds of seconds, depending
on the dye and the chemical environment. Figure 33 illustrates the energy levels
relevant to the photoswitching. The necessary reductive chemical environment is
provided by a switching buer. The buer typically has a pH in the range of 7.4 to
8.5 and contains a thiol or other reducing agent to transfer the dye from the triplet
state to the reduced, non-uorescent state. Subsequent uorescence recovery, the
transition back to the on-state at the rate kox, is due to reaction with oxygen.
Given suciently short lifetimes of the on-state, the required duration of the
non-uorescent state depends mainly on the labeling density. Regarding the on-
state, a similar duration as the camera exposure is ideal. That way, all photons
emitted during one on-state are recorded to one camera frame and can be used to
localize the uorophore, maximizing the accuracy. To shorten the on-state and thus
the overall imaging time, the dependence of the uorescence rate on the intensity
of the exciting light is used. Increasing the excitation intensity leads to faster uo-
rescence cycling and, consequently, more instances of ICS per time. As a result, the
SOFI with organic dyes 69
population of the triplet state increases and the on-time shortens. In summary, the
on-state is shortened by increasing the excitation intensity, thiol concentration, and
pH, while the o-time is shorter for a higher O2 concentration. Detailed parameters
for induction of photoswitching in a variety of commonly used dyes can be found in
the literature [62,63].
An additional way to tune the blinking, namely to shorten the o-times, is ir-
radiation at ∼ 400 nm, which promotes return to the on-state. Consequently, the
photoswitching adjusted for STORM by way of switching buer and excitation in-
tensity can be easily modied to be perfectly suited for SOFI, providing a valuable
addition to label control for SOFI [62,64,65].
If the conditions cannot be adjusted properly to STORM requirements, for ex-
ample if the labeling density is too high or the o-states are too short, the PSFs
of the individual emitters overlap in the individual frames of a movie. Localization
softwares (for example rapidSTORM [66]) typically aim to reject structures consist-
ing of more than one PSF, leading to loss of potential localizations. If by mistake
the overlapping PSFs are not rejected but treated as the PSF of a single emitter in-
stead, this results in mislocalizations. Both loss of localizations and mislocalizations
severely reduce the image quality. In contrast, SOFI quality is not diminished by
both high labeling density and blinking with only short o-times. SOFI is therefore
a potential alternative in cases where adjustment of the photoswitching to STORM
requirements is not possible.
5.3 Organization of the axon initial segment
The axon initial segment (AIS) is a specialized part of mammalian neurons as-
sociated with action potential generation as well as regulation of the integration
of synaptic input [67]. The AIS membrane displays a high density of voltage-gated
sodium channels (NaV). These channels react to the input from synapses and open
when the membrane potential in their vicinity reaches a certain threshold value.
Opening of the channels causes an inux of sodium ions that changes the membrane
potential further. Thus, an electric potential wave propagates along the axon to-
wards the axon terminal, where it triggers the release of neurotransmitters. Despite
the importance of the distribution and gating kinetics of NaV for AP generation and
neuronal signal transduction, the density of sodium channels in the AIS membrane
is still a matter of controversy [68].
Sodium channels are localized to the AIS membrane by association with the
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structural proteins spectrin and ankyrin-G [69,70]. Spectrin is a tetrameric cytoskele-
tal protein that helps to maintain the structural integrity of the plasma membrane
by linking the ankyrin-G-sodium-channel-complex to the underlying actin network.
The extended, exible (αβ)2 spectrin tetramer found in the AIS consists of two α-
and two β-spectrins forming antiparallel heterodimers [71]. The N-termini of the β-
spectrin subunits are located at either end of the tetramer and both C-termini at its
center. The spectrin tetramers are arranged parallel to the AIS. Their ends, with
the N-termini of β-spectrin, are located along rings wrapped around the circumfer-
ence of the AIS. The distance between these rings is approximately 190 to 200 nm.
Similarly, the sodium channels are located along rings wrapping around the AIS,
halfway between the rings formed by the N-termini of β-spectrin. The organization
of sodium channels and spectrin in the AIS is schematically illustrated in Fig. 34.
Immunostaining the N-terminal regions of the splicing variant βIV-spectrin, which
are located at the rims of the tetramer, leads to periodic rings in the uorescence
image, provided that the resolution is suciently high. Fluorescently labeled sodium








Figure 34. Schematic of the organization of sodium channels and spectrin in the axon
initial segment. Spectrin tetramers are arranged along the AIS, with the N-termini of
β-spectrin located along rings (only few spectrin tetramers shown for clarity). Sodium
channels are located along rings halfway between the β-spectrin N-termini.
5.4 Blinking exibility
STORM requires blinking labels with very long o-times, while on-times are ideal
when they last for about one movie frame. SOFI, in contrast, yields excellent results
for many dierent types of blinking, although total imaging time increases in the case
of suboptimal blinking. SOFI therefore is a promising alternative when STORM-like
blinking is not feasible.
Three dierent types of data sets were evaluated with both methods, among them
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data with photoswitching optimized for STORM and for SOFI. In addition, data
was studied that was intended for STORM analysis, but where the aim of STORM
compatible blinking could not be achieved. The structures chosen for evaluation
were spectrin and sodium channels of mouse hippocampal neurons. Spectrin and
sodium channels form alternating periodic rings around the AIS [70], with a spacing
of ∼ 190 nm between rings of the same type. Due to the reduced penetration depth
of TIRF microscopy, not the whole height of the rings is imaged in all cases. The
spectrin and sodium channel rings are interesting structures for the comparison
of techniques, since their periodicity of ∼ 190 nm is just below the conventional
resolution limit but reliably resolvable with well-adjusted STORM [70], whose typical
achievable resolution for excellent data is 10 to 40 nm.
The potential resolution of second order SOFI can be estimated using the PSF
FWHM of the label and the resolution enhancement of factor 1.8, determined with
single QDots. According to Eq. 2, the PSF under ideal conditions has a FWHM of
229 nm for Alexa Fluor 647 (λem = 668 nm, NA = 1.49) and 178 nm for Alexa Fluor
488 (λem = 520 nm, NA = 1.49). PSFs measured from the data had a FWHM of 299
± 10 nm for Alexa Fluor 647 and of 244 ± 11 nm for Alexa Fluor 488. Both values
were calculated from ten randomly selected measurements. The deviations from
the theoretical values can be attributed to optical imperfections and the refractive
index mismatch between the system of the objective lens, the immersion oil and
the cover glass with the refractive index of glass and the switching buer with the
refractive index of water. Regarding second order SOFI, the corresponding FWHM
can be estimated to be 148 nm for Alexa Fluor 647 and 136 nm for Alexa Fluor 488,
suciently small for the resolution of emitters at a distance of 190 nm. However, a
periodicity of 190 nm does not necessarily mean an emitter distance of 190 nm.
5.4.1 Spectrin with Alexa Fluor 647: photoswitching opti-
mized for STORM
Spectrin was immunostained with Alexa Fluor 647 and the photoswitching was
optimized for STORM. The resulting data was analyzed by calculating the average
over all frames to generate a wideeld image (Fig. 35a and Fig. 35b), by performing
SOFI analysis (Fig. 35c and Fig. 35d) and STORM analysis (Fig. 35e and Fig. 35f).
Unsurprisingly, the wideeld image had a high background and was poorly resolved.
In comparison, the SOFI result was considerably clearer. The background was
suppressed and individual rings were discernible. STORM, as expected, provided










Figure 35. Wideeld (a), SOFI (c), and STORM (e) image of spectrin immunostained
with Alexa Fluor 647. Corresponding zoom-ins of boxed area (b, d, f). Photoswitching
optimized for STORM. Scale bar: 2 µm, zoom-in 500 nm.
excellent resolution of the spectrin structure.
The cross section indicated in the zoom-ins along the AIS membrane (zoom-
ins: Fig. 35; cross section: Fig. 36) was plotted after background subtraction and
normalization. The cross section showed that STORM resolved periodic structures
with a distance of ∼ 190 to 200 nm, in perfect agreement with the previously reported
spectrin structure [70]. In contrast, wideeld imaging was not able to resolve the peaks
associated with the individual rings. Regarding SOFI, the situation was ambiguous.
SOFI narrowly resolved the spectrin structure in many cases, for example in the
cross section plotted in Fig. 36, where four of the ve rings were resolved. The peak
at approximately 0.8 µm was either missing or represented by the small shoulder
of the neighboring peak at 1.0 µm. Interestingly, the positions of missing peaks in
SOFI are the positions of the peaks with the weakest intensities in STORM.










Figure 36. Spectrin immunostained with Alexa Fluor 647, STORM optimized, cross
section from Fig. 35.
The inability of SOFI to reliably resolve some of the spectrin rings can be due to
the width of the rings and the length of the linker that connects the labels to the
proteins of interest. The locations of the spectrin epitopes that are labeled deviate
from a perfect plane. They are shifted to either side of the plane, causing a broaden-
ing of the ring and a narrowing of the space in between. Furthermore, the antibody
construct that links the label to the spectrin epitopes has a length of approximately
15 nm, broadening the imaged rings further and reducing the distance between the
labels of two neighboring peaks by a maximum of 30 nm. As a result of both these
properties, the distance between the emitters labeling the spectrin rings can become
so small in certain cases than SOFI is not able to resolve them.
The reason for the occasional suppression of individual peaks might be pecu-
liarities of the photoswitching of the corresponding emitters or the labeling. For
example, an unusually low number of switching events during movie acquisition
due to early photobleaching can cause a very low apparent brightness in the SOFI
image. A low number of uorophores attached to the corresponding epitopes can
reduce the visibility as well. Moreover, it is possible that the linearization of the
emitter brightness response is not complete.
5.4.2 Spectrin with Alexa Fluor 647: photoswitching opti-
mized for SOFI
While SOFI works well with data with STORM optimized blinking, the photoswitch-
ing can be tuned to the requirements of SOFI. Particularly, given unchanged frame
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a) wide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Figure 37. Wideeld (a), SOFI (b), and STORM (c) image of spectrin immunostained
with Alexa Fluor 647. Photoswitching optimized for SOFI. Zoom-in of boxed areas see
Fig. 38. Scale bar: 3 µm.
rates, it is necessary to prolong the on-times and shorten the o-times compared to
STORM optimized photoswitching. This is achieved by reduction of the excitation
intensity at 647 nm and additional irradiation at 401 nm. By tuning the irradi-
ation intensity, the photoswitching can thus be adjusted to t STORM or SOFI
requirements as desired.
Fig. 37 shows the wideeld (Fig. 37a), SOFI (Fig. 37b) and STORM (Fig. 37c)
images of spectrin, calculated from data with ideal SOFI blinking. The zoom-ins
of the boxed areas are shown in Fig. 38 (yellow box: a, b, c; white box: c, e, f).
The wideeld and SOFI results were of similar quality as previously observed for
the data with STORM optimized photoswitching (compare Fig. 35). SOFI was
able to resolve structures not visible in the wideeld images, for which an example
is given by the zoom-in of the yellow boxed area (Fig. 38d, e). The STORM
analysis produced seemingly random localizations instead of resolved spectrin rings
and clearly exemplied the impossibility of reliable localization if too many emitters
are in the uorescent state at a given time. Additionally, mislocalizations prevented
STORM from resolving the ne structure that SOFI made visible.
To study the resolution of the spectrin ring periodicity in more detail, the cross

























d) wideeld e) SOFI f) STORM
Figure 38. Zoom-ins of boxed areas in Fig. 37 (yellow box: a, b, c; white box: ds, e, f),
spectrin immunostained with Alexa Fluor 647. Scale bar: 500 nm.
section indicated in Fig. 38a, b and c was plotted (Fig. 39). Provided that the
resolution is sucient, the spectrin rings are represented as periodic peaks at a dis-










Figure 39. Spectrin immunostained with Alexa Fluor 647, SOFI optimized, cross section
from Fig. 38.
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the spectrin rings. Likewise, due to the unsuitable photoswitching conditions, the
intensity distribution in the plot of the STORM cross section was noisy and diered
considerably from the clearly resolved peaks obtained for STORM optimized blink-
ing. The cross section from the SOFI image, conversely, showed regular peaks at a
surprising periodicity of approximately 300 nm, while the periodicity of the spectrin
rings is 190 to 200 nm. Although some of the peaks have shoulders, merging of
neighboring peaks seems unlikely to produce such a regular pattern.
5.4.3 Sodium channels with Alexa Fluor 488
Unlike Alexa Fluor 647, which is highly suitable as a STORM label, the photo-













Figure 40. Wideeld (a), SOFI (c), and STORM (e) image of sodium channels immunos-
tained with Alexa Fluor 488. Corresponding zoom-ins of boxed area (b, d, f). Emitter
o-states are too short for STORM analysis. Scale bar: 1 µm, zoom-in 500 nm.
SOFI with organic dyes 77
488 is therefore prone to blinking incompatible with STORM, for example due to
suboptimal excitation intensities or chemical environment of the emitters. If suit-
able conditions can not be achieved, shorter o- or longer on-states than required
are the result. Such data is unsuitable for single molecule localization, but SOFI










Figure 41. Sodium channels with Alexa Fluor 488, cross section from Fig. 40.
To study the applicability of SOFI in the case of dicult photoswitching control,
a movie of sodium channels labeled with Alexa Fluor 488 was analyzed (Fig. 40).
The resulting wideeld and SOFI images were comparable to those from SOFI and
STORM optimized blinking, with poor quality of the wideeld image and reduced
background and increased resolution due to SOFI. In the STORM image, however,
the localizations were almost uniformly distributed over the axon, and no individual
structures could be distinguished. Since rings of sodium channels with a periodicity
of 190 to 200 nm were expected, this illustrated the poor STORM suitability of
the blinking. This result was similar to the result obtained from analysis of data
with SOFI optimized photoswitching. The plot of the cross section indicated in
the zoom-ins in Fig. 40 is shown in Fig. 41. In the cross section of the STORM
image, no clear structures are recognizable and the plot is very noisy. In contrast,
the SOFI cross section shows clear peaks with distances of approximately 200 and
on one occasion 400 nm. This suggests a missing peak at approximately 0.6 µm,
potentially due to early photobleaching.
5.4.4 Discussion
Wideeld, STORM and SOFI results were compared for three dierent types of data.
The photoswitching of Alexa Fluor 647 bound to spectrin could be adjusted at will,
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therefore data optimized for STORM as well as for SOFI was generated using this
system. Regarding sodium channels immunostained with Alexa Fluor 488, the aim
was STORM compatible photoswitching. Unfortunately, in our experiments, this
aim could not always be achieved due to insucient excitation intensity and subop-
timal chemical environment, resulting in unsuitably long on- and short o-states.
As expected, wideeld images, generated by averaging over all frames, were
similar for all data types. STORM analysis proved very useful for the data with
photoswitching exactly tuned to t STORM requirements, but was prone to mislo-
calizations and unable to resolve the structural details of spectrin and sodium chan-
nel distribution for all other types of data. SOFI results were similar for all types
of photoswitching. Although not reaching the resolution of well-adjusted STORM,
SOFI was able to increase the resolution and reduce the background in all cases.
The STORM optimized photoswitching (spectrin with Alexa Fluor 647, 5.4.1)
yielded STORM images with well resolved spectrin rings. The rings were spaced at
approximately 200 nm, tting with the previously reported 194 ± 15 nm [70]. The
SOFI analysis of the same data showed the same periodic structure. However, not
all ring parts could be resolved in all cases, or the signals of individual rings were
suppressed to the extent that they were hardly detectable in images and cross sec-
tions. An example is the peak at ∼ 0.8 µm in the cross section plot (Fig. 36).
The SOFI optimized photoswitching (spectrin with Alexa Fluor 647, 5.4.2) was,
as expected, unsuitable for single molecule localization, causing mislocalizations and
rendering STORM analysis unable to resolve structural details. SOFI analysis of the
same data revealed previously hidden details as well as periodic peaks of uorescence
intensity in the AIS membrane, as is anticipated for spectrin rings. Surprisingly, the
distance between the evenly spaced peaks was approximately 300 nm.
The photoswitching of Alexa Fluor 488 (sodium channels, 5.4.3) could not be
adjusted for STORM. Consequently, the STORM result was similar to that of SOFI
optimized photoswitching. The image was calculated to determine the suitability
of SOFI analysis as an alternative approach in such cases. The SOFI image shows
peaks with distances that suggest a missing peak at approximately 0.6 µm. An
additional peak at that position leads to the expected periodicity of 190 to 200 nm.
The FWHM of the PSFs of Alexa Fluor 647 and Alexa Fluor 488 were measured
to be 299 ± 10 nm and of 244 ± 11 nm, respectively. The measured PSFs deviate
from the values calculated according to Eq. 2 due to imperfections in the optical
setup and the refractive index mismatch of the system. Assuming a resolution en-
hancement by factor 1.8, this leads to estimated values of 148 nm and 136 nm for
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the FWHM in the SOFI images, which should be sucient to resolve emitters 190
nm apart. Although the periodicity of the spectrin and sodium channel rings is 190
to 200 nm, the rings themselves have a certain width. The binding sites for the pri-
mary antibody are not located all exactly in the same plane, which narrows the gap
between the signals emitted by the uorophores attached to the rings. Furthermore,
a primary and secondary antibody together have a length of about 15 nm, further
broadening the area where the uorophores can be located. The length of the an-
tibody linker can reduce the distance between uorophores attached to two rings
by as much as 30 nm. As a result, the combination of these eects can cause the
distance between the uorophores attached to the spectrin rings to be so severely
reduced that it is just below the resolution capability of second order SOFI.
Suppression of individual rings could be due to a randomly small number of pho-
toswitching events of the labels, or an untypically low number of uorophores on the
secondary antibody attached to the position, which would reduce their visibility in
the SOFI image. Another possible reason is photobleaching of the uorophores early
during data acquisition. Typically, very weak or invisible SOFI signals correspond
to small STORM peaks in the data for ideal STORM conditions (Fig. 36), which
ts with these explanations. Although the SOFI algorithm used for the calculations
in this work corrects for the intensity imbalance introduced by the analysis, the cor-
rection is incomplete. Consequently, the apparent disappearance of very dim signals
is still possible. Poor resolution of neighboring peaks could result in a periodicity
larger than 190 to 200 nm, as observed in the SOFI image of the SOFI optimized
spectrin imaging. Although it seems unlikely that a regular pattern with 300 nm
periodicity could thus be generated, shoulders are discernible on some of the peaks,
suggesting insucient resolution.
In summary, STORM is reliable only when the blinking and labeling density
are excellently adjusted for STORM requirements. SOFI, on the other hand, works
well with all types of data, conrming predictions from simulated data [21], and is
an interesting alternative in cases where STORM compatible photoswitching is im-
possible. The resolution of SOFI, however, was not sucient to reliably resolve the
investigated structures. A possibility to increase the resolution is to calculate SOFI
to the third order, which provides an up to three-fold resolution increase.
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6 Conclusions and outlook
Stochastic optical uctuation imaging achieves superresolution by analyzing the in-
dependent temporal intensity uctuations of labels. Additionally, SOFI reduces and
often completely eliminates background uorescence, granting optical sectioning ca-
pabilities to wideeld setups. As a result, SOFI is especially advantageous when
samples exhibit high background uorescence, which interferes with many other
imaging techniques. In contrast to other superresolution methods, SOFI is robust
against high labeling densities. Furthermore, for many labels, excitation surface
power densities of only a few W/cm2 are required. This allows for prolonged imag-
ing with reduced risk of photobleaching and light-induced damage.
For SOFI analysis, a certain number of transitions between the uorescent and
the non-uorescent state of an emitter is necessary. Reliable detection of this number
of transitions in as few frames as possible is typically achieved when the emitters are
in their uorescent state for approximately two to ve frames on average, and dark
for about the same number of frames. Additionally, since a short overall acquisition
time is desirable, fast blinking and corresponding fast frame rates are preferred.
Suboptimal blinking, however, can be easily compensated by increasing the imaging
time. Therefore, SOFI can make use of a multitude of blinking kinetics and a variety
of labels, such as Quantum Dots, organic dyes and reversibly switchable uorescent
proteins.
In this work, the theoretical and computational background of SOFI and addi-
tional processing steps were described. Particularly advantageous for applications
is the linearization of the intensity response using a deconvolution approach. Ap-
plications of SOFI were presented and the peculiarities of dierent uorophores and
their respective suitability for dierent tasks were studied.
After determining acquisition parameters tting the unique blinking kinetics of
QDots and ensuring high setup stability, SOFI with QDots was straightforward and
reliable. The individual steps of SOFI computation were illustrated using the ex-
ample of individual QDots, and the total resolution improvement of second order
fSOFI was determined to be over 1.8-fold. Additionally, SOFI discarded of more
out-of-focus-light than confocal microscopy. Due to the high setup stability and
low photobleaching, a 3D image of a neuron over a z-distance of 2.6 µm could be
reconstructed. GABABR subunit tracking and assembly were studied using dual-
color, 3D SOFI. The SOFI z-sections of neurons revealed structural details as well
as receptor subunit colocalization.
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IP3 and ryanodine receptors in the ER membrane of a neuron support the propa-
gation of calcium waves by releasing Ca2+ into the cytosol. Modication of the ER
organization altered the calcium waves, suggesting a dependence of the waves on
the distribution of the receptors. To link the alterations of the calcium signals to
the modications of the receptor distribution, 3D, dual-color SOFI was performed.
Dual-color SOFI images allowed for the study of the receptor colocalization, while
additional wideeld images of the ER placed the receptors in the context of the
cellular system. Combined with studies on the eect of ER disruption on calcium
waves, these results will elucidate the dependence of calcium signaling on ER orga-
nization and receptor distribution.
For live cell imaging, intensity uctuations suitable for SOFI were induced in
RSFPs, uorescent proteins which can be transferred between uorescent and dark
states by suitable irradiation. The uctuations can be tuned by adjusting the irra-
diation conditions. Extensive evaluation of the photoswitching of dierent RSFPs
determined Dreiklang and rsEGFP(N205S) to be most suitable. Although promising
irradiation conditions could be identied, the uorophores proved to be extremely
sensitive to environmental conditions and alterations of the irradiation. As a result,
calibration measurements prior to the SOFI experiments were devised to ensure
the desired intensity uctuations. Undesired switching that altered the measured
switching rate constants was observed for certain irradiation conditions, but could
be prevented by the use of laser light for excitation and photoswitching. Based on
the parameters identied by calibration measurements, live cell SOFI of mammalian
cells was demonstrated.
In order to improve the image quality, evaluation of the blinking and the indi-
vidual brightness of single molecules of Dreiklang and rsEGFP(N205S) and their
inuence on SOFI analysis are of interest. While linearization with an estimated
PSF yielded good results for RSFPs as labels, more precise information about the
PSF, simulated or obtained by measurement, is desirable to reliably perform Fourier
reweighting as well as linearization. Movies consisting of 3000 frames were typically
recorded for SOFI with RSFPs, but a smaller number of frames is likely to suce for
reliable SOFI calculation. Hence, identifying the minimum required frame number
in relation to the blinking behavior is an interesting further project. Likewise, the
overall imaging time can be reduced by accelerating the blinking and the exposure
time accordingly, potentially allowing for the study of cellular dynamics using SOFI.
On the other hand, higher SOFI orders provide higher resolution enhancement but
require longer recordings of the blinking dynamics. With high photobleaching resis-
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tance and setup stability, the resolution can thus be increased by a factor of three
to four.
Furthermore, the performance of SOFI for dierent types of intensity uctua-
tion was compared to that of the widely used localization method dSTORM. While
dSTORM generally provides higher resolution than SOFI, the requirements to the
blinking of the emitters are rigid. In particular, the uorophores are required to stay
in the o-state much longer than in the on-state, and the necessary duration of the
o-states increases with the labeling density. Typically, for organic dyes, this type of
intensity uctuations is achieved by applying a switching buer and high irradiation
intensities, but not all sample types and dyes yield the desired result. In these cases,
SOFI was shown to be a valuable alternative, providing uniformly high resolution
enhancement for all types of blinking without the risk of mislocalizations. Like for
SOFI with RSFPs, higher orders of SOFI with organic dyes and a resulting further
resolution increase, as well as a general assessment of the required number of frames
in relation to the kinetics of the intensity uctuations, are of interest. Considering
the data on AIS organization, reliably resolving the individual rings should be well
possible using third order SOFI.
The resolution enhancement, optical sectioning capabilities, exibility towards
intensity uctuations and labels and modest setup requirements make SOFI a valu-
able technique for a many biological applications.
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7 Setups and protocols
7.1 Sample preparation and imaging conditions
7.1.1 GABAB receptor immunostaining
QDot immunostained neurons for SOFI imaging of GABAB receptor subunits were
prepared by Dr. Omar Ramírez, University of Chile, Santiago de Chile.
Primary hippocampal neurons were cultured from E18 rats [72] and transfected
using the Ca2+ phosphate method [73]. The plasmids used for transfections were myc-
GABABR1 and HA-GABABR2 [31]. 48 h post transfection, neurons were processed
for immunouorescence using the primary antibodies mouse anti-HA (MMS-101R,
Covance), rabbit anti-myc (C3956, Sigma-Aldrich), and the secondary antibodies
anti-mouse-QD525 and anti-rabbit-QD605 (Invitrogen). The mounting medium was
Mowiol (6 g glycerol, 2.4 g Mowiol 4-88, 6 mL H2O, 12 mL 0.2 M Tris pH 7.2 buer).
7.1.2 IP3 and ryanodine receptor immunostaining
QDot immunostained neurons for SOFI imaging of the IP3 and ryanodine receptor
were prepared by Dr. Omar Ramírez, University of Chile, Santiago de Chile.
Hippocampal neurons were prepared from E18 Sprague Dawley rats [72,74]. Neu-
rons at 14-16 days in vitro (DIV) were transfected with KDEL-RFP and ATL2-wt
or ATL2-Y444A or ATL2-L384D [75] using lipofectamine 2000 (Invitrogen). After 24
- 36 h of expression, neurons were xed with 4 % paraformaldehyde/sucrose solution
in PBS for 10 min at room temperature (RT), permeabilized with 0.05 % NP-40
in PBS 1x for 10 min, and blocked with 0.1 % FBS in PBS 1x for 10 min. Pri-
mary antibodies (anti-IP3R1 rabbit 1:300 (Upstate, 07-514), anti-RyR2 mouse 1:50
(Thermoscientic, MA3-916), anti-HA rabbit 1:300 (Sigma, H6908)) diluted in im-
munouorescence solution (IF, 0.5 % BSA in PBS 1x) were incubated for 1 h at RT,
followed by 3 washes with IF solution for 5 min. Secondary antibodies conjugated
with QDots (anti-mouse IgG QD525 goat F(ab')2 1:1000 (Invitrogen, Q11041MP);
anti-rabbit IgG QD605 goat F(ab')2 1:1000 (Invitrogen, Q11402MP)) were incubated
for 1 h at RT, and then washed 3 times for 5 min with IF solution. Coverslips were
mounted using Mowiol, and sealed with nail polish.
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7.1.3 SOFI with Quantum Dots: imaging conditions
For the acquisition of a dual-color, 3D data set for colocalization analysis, after a
suitable sample position was found, z-drive and setup were allowed to settle for 20
min for a sample newly put to the sample stage, or 5 min for further measurements.
After the setup had settled, any necessary refocusing was done using only the piezo-
z-scanner. Typically, movies for a SOFI image consisted of 3000 frames, recorded
at 50 ms exposure time, and at an eective pixel size of 100 nm. Fluorescence was
elicited at 401 nm with an intensity of approximately 20 W/cm2. Color channels
were recorded successively on each z-position to minimize displacement between
both channels at the same z-position.
7.1.4 Spectrin and NaV immunostaining
The neurons stained with organic dyes for SOFI imaging of the axon initial segment
were prepared by Melanie Dannemeyer from the University of Göttingen, and Eli-
nor Lazarov, Hebrew University of Jerusalem, Israel and Max Planck Institute for
Dynamics and Self-Organization, Göttingen, Germany.
Primary hippocampal cultures were prepared from mice embryos (strain C57-
BL/6N, E18) as in [76,77]. For photoswitching experiments, cells were seeded in 0.1
mg/mL polylysine-coated (Sigma-Aldrich, P2636) 4-well chambers (Thermo Scien-
tic nunc, 155383); 60,000 to 80,000 cells per well. Cells were cultivated at 37 ○C
with 8.0 % CO2. Half of the medium was exchanged for freshly prepared medium
once a week. Cells were xed at DIV22 with microscopy formaldehyde solution 4 %
(Merck, 100496) at 4○C for 8 min and permeabilized in 0.5 % (v/v) Triton-X-100
(Sigma-Aldrich, X100) at room temperature for 5 min, followed by 1.5 h blocking
with blocking buer (3 % (w/v) BSA (Sigma-Aldrich, A3059) in 1x PBS and 0.1
% (v/v) Tween20 (Sigma-Aldrich, P7949). The samples were incubated with pri-
mary antibodies anti-βIV-spectrin (2.0 µg/mL, Origene, TA317365) or anti-panNav
(1.1 µg/mL, Sigma-Aldrich, S8809-1 MG) in blocking buer at 4 ○C overnight, fol-
lowed by the secondary antibody (2.0 µg/mL, Life Technologies, Alexa Fluor 647
anti-goat donkey, A21447 or 1.5 µg/mL, Alexa Fluor 488, anti-rabbit goat, Jackson
Immunoresearch 111-545-003), in blocking buer at RT for 45 min. Samples were
postxed with Microscopy Formaldehyde solution 4 % at RT for 5 min.
For triple-color staining, samples were incubated with a mixture of the primary
antibodies anti-MAP2 (9.5 µg/mL, abcam, ab5392) and anti-panNav (1.1 µg/mL,
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Sigma-Aldrich, S8809-1 MG) in blocking buer at 4 ○C overnight, followed by the sec-
ondary antibodies (2.0 µg/mL, Alexa Fluor 488, anti-mouse goat, Molecular Probes,
A11029 and 2.0 µg/mL, Alexa Fluor 647 anti-chicken goat, A21449), in blocking
buer at room temperature for 45 min. Coverslips were mounted with ProLong
Gold antifade reagent with DAPI (Molecular Probes, P36935) to glass slides.
7.1.5 Switching buer
The switching buer for modication of the photoswitching behavior of organic
dyes consisted of PBS (pH 8.5) containing oxygen scavenger (4.0 g/mL glucose ox-
idase (Sigma-Aldrich, G0543), 0.57 mg/mL catalase (Sigma-Aldrich, C40-100MG),
10 wt% glucose (Sigma-Aldrich, 49158-1KG-F) and 100 mM β-mercaptoethylamine
(Sigma-Aldrich, M6500). Chamber wells were completely lled with buer and
sealed with a regular coverslip.
7.1.6 SOFI with organic dyes: imaging conditions
Assistance with STORM data acquisition by Melanie Dannemeyer, University of
Göttingen, is gratefully acknowledged.
Maximum laser surface power densities were 8, 1.9 and 1.6 kW/cm2, for 647, 488
and 401 nm, respectively. Alexa Fluor 647 photoswitching for STORM imaging of
Spectrin was achieved with 8 kW/cm2 647 nm irradiation intensity at a frame time
of 9 ms. To generate optimal SOFI photoswitching, 1 - 4 kW/cm2 647 nm power,
0.16 to 1.6 kW/cm2 401 nm power and a frame time of 20 to 30 ms were used. Alexa
Fluor 488 photoswitching was induced with 1.9 kW/cm2 power, typical frame time
was 25 ms. Typical movies consisted of 5000 frames, and the eective pixel size was
80 nm.
7.1.7 Reversibly photoswitchable uorescent proteins
RSFP samples for photoswitching measurements and live cell SOFI imaging were
prepared by Dr. Nickels Jensen, group of Prof. Dr. Stefan Jakobs, Max Planck
Institute for Biophysical Chemistry, Göttingen.
88 Setups and protocols
7.1.7.1 E.coli
rsEGFP1, rsEGFP2 rsEGFP (N205S), rsFastLime, Dreiklang and Dronpa (M159T)
were expressed from the high-copy expression vector pQE31 (Qiagen) and expressed
in E.coli (strain SURE or BL21RIL) or the expression vector pBad-HisB and ex-
pressed in E.coli (strain Top10). E.coli cells were transformed with respective plas-
mids and grown on LB agar plates containing ampicillin over night at 37 ○C. A single
colony was picked and transferred to 5 ml LB-Amp medium. Cells were grown over
night at 37 ○C on a shaker. Then, the cell suspension was again diluted and the cells
were grown to an OD600 of ∼ 0.5 at 37 ○C. Protein expression was induced by adding
100 µM Isopropyl-β-D-thiogalactopyranosid or 0.02 % Arabinose. After induction,
the cells were grown at 37 ○C for one day.
Samples were prepared as described previously [78]. In brief, powdered agar was
washed twice in water and taken up to 2 % w/v in water. The suspension was
heated to dissolve the agar. Approximately 1 ml of the agar solution was spread
uniformly on a clean microscope slide and dried over night. 10 µl of an E.coli cul-
ture was placed onto one coated slide, covered with a cover slip and sealed with
silicone-based glue (Picodent twinsil, Picodent, Wipperfürth, Germany).
7.1.7.2 Mammalian cells
To create fusion constructs of Dreiklang and rsEGFP (N205S) with vimentin, Drei-
klang and rsEGFP (N205S) were amplied using the primers 5′-GATCCACCG-
GTCGCGGCGTGAGCAAGGGCGAGGAGCTG-3′ and 5′-ACAACTTAAGAAC-
AACAATTGTTACTTGTACAGCTCGTCCATGCC-3′. The PCR fragments were
cloned into the gateway destination vector pMD-tdEosFP-N39 using the restriction
sites AgeI and AII, thereby replacing the tdEosFP coding sequence against the
Dreiklang or rsEGFP (N205S) sequence. The nal plasmids pMD-Vim-Dreiklang
and pMD-Vim-rsEGFP (N205S) were constructed by gateway vector conversion (In-
vitrogen) using the donor vector pDONR223-Vim.
For imaging of mammalian cells, HeLa were transfected with the respective plas-
mids using Turbofect (Thermo Scientic) according to the manufacturer's instruc-
tions. The cells were propagated in DMEM medium with GlutaMAX and 4.5 g/l
glucose, 10 % (vol/vol) FCS, 1 mM sodium pyruvate, 50 mg/ml penicillin and 50
mg/ml streptomycin. Cells were grown on coverslips in Petri dishes at 37 ○C under
90 % humidity and 5 % CO2.
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7.1.8 SOFI with RSFPs: imaging conditions
SOFI imaging of live cell samples labeled with RSFPs was conducted at 80 nm
eective pixel size and exposure times of 20 to 30 ms. Typical raw movies consisted
of 3000 frames. Surface power densities were approximately 1.6 - 3.7 W/cm2 (488
nm) and 0.3 - 0.7 W/cm2 (401 nm) for imaging of rsEGFP58, and approximately
2.5 W/cm2 (514 nm), 0.06 - 1.6 W/cm2 (401 nm), and 0.01 - 0.1 W/cm2 (375 nm)
for Dreiklang imaging.
7.2 Setups
7.2.1 Wideeld setup equipped with LEDs
QDot SOFI imaging was carried out on an inverted wideeld microscope (Olympus
IX-71) equipped with an oil-immersion objective lens (UPlanSApo, 100x magnica-
tion, NA 1.4, Olympus). The uorescence light (Spectra X light engine®, Lumen-
cor) passed an additional lens (1.6x magnication), was separated from the LED
light used for excitation (emission maximum at 390 nm; Spectra X light engine,
Lumencor) with a dichroic beam splitter (FF444/520/590, Semrock) and additional
excitation lters (FF01-520/35, Semrock for QD525 and BLP02-561R, Semrock for
QD605) before being imaged on an electron multiplying CCD camera (EMCCD; DU-
897-CS0-BV, Andor) with an eective pixel size of 100 nm. 3D scanning was done
using a PIFOC®P725-2DC with E709-CRD controller from Physik Instrumente (PI)
GmbH & Co. KG.
For RSFP kinetic measurements and imaging, an additional band pass lter
(BrightLine HC 485/20, F39-485, Semrock) was installed to narrow the 488 nm
emission. The 401 nm emission intensity was regulated using grey lters. Dichroic
mirrors used were HC BS 506 (F38-506, Semrock) for the combination of 401 and
488 nm and 89016 bs (Chroma) for the combination of 401 and 514 nm.
7.2.2 Setup for total internal uorescence (TIRF), wideeld,
and confocal spinning disk imaging
This versatile setup can be switched between dierent modes by altering the beam
path with mirrors.
Organic dye images were recorded on an inverted TIRF microscope (Olympus
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IX-71) equipped with an oil-immersion objective lens (UApo N, 100x magnica-
tion, NA 1.49, TIRF, Olympus), a 647 nm laser (PhoxX®647, 140 mW, Omicron
Laserage) and a 401 nm laser (Cube401, 100 mW, Coherent) in highly inclined and
laminated optical sheet (HILO) conguration. A quad-edge dichroic beam split-
ter (Di01-R405/488/561/635, Semrock) and a quad-band excitation lter (FF01-
446/523/600/677, Semrock) were used to remove the laser light before imaging the
uorescence on an electron multiplying CCD camera (EMCCD; DU-885-CS0-#VP,
Andor) with an eective pixel size of 80 nm.
For RSFP kinetic measurements and imaging, the setup was used in wideeld
mode with the objective lens UPlanSApo, 100x magnication, NA 1.4, Olympus.
Additional lasers used were 488 nm (PhoxX®488, 60 mW, Omicron Laserage), 514
nm (Sapphire 514 nm, 50 mW, Coherent) pulsed by an AOTF (AOTFnC-400.650-
TN, AA Optoelectronic) and 375 nm (PhoxX®375, 20 mW, Omicron Laserage).
The same combination of dicroic beam splitter, excitation lter, and camera as for
organic dye imaging was used for all experiments with proteins with negative switch-
ing. For Dreiklang, the beam splitter FF 444/521/608-Di01 and the excitation lter
FF01 464/541/639 (both Semrock) were used.
For confocal spinning disk imaging, excitation light (PhoxX®488, 60 mW, Omi-
cron Laserage) was coupled to the spinning disk unit (Yokogawa CSU-X1 (M1N-E),
1500 rpm) via optical bre. The objective lens used was UPlanSApo, 100x mag-
nication, NA 1.4, Olympus. The emission was separated by lters (FF01-520/35,
and BLP02-561R, Semrock) and recorded on an electron multiplying CCD camera
(EMCCD; DU-885-CS0-#VP, Andor). For 3D scanning, a PIFOC®P725-2DC with
E709-CRD controller from Physik Instrumente (PI) GmbH & Co. KG was used.
7.2.3 Laser pulse generation
The pulse generation was implemented by Dr. Olaf Schulz, at the time University
of Göttingen.
Laser pulses for read-out and protein switching were created using an FPGA. The
FIRE output of the Andor camera was fed into the FPGA to ensure synchronization
of the camera with the lasers. A logical high signal of the FIRE output corresponds
to exposure of the camera chip and is directly translated into a trigger pulse for the
read-out laser. During the logical low signal, two pulses of dierent wavelengths are
generated with microsecond accuracy (response time of the laser diodes or AOTF).
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The duration of each switching pulse and the time between them can be set using a
LabView program.
7.2.4 Surface power densities
Table 3 links total laser and LED power used for RSFP photoswitching measure-
ments to approximate surface power densities.
Light source switching readout at [W/cm2]
cyan LED negative 488 nm, LED ∼ 17.4
violet LED ∼ 20.5
teal LED negative 514 nm, LED ∼ 7.5
violet LED ∼ 13
488 nm Laser negative 488 nm, laser ∼ 3.1 - 7.4
401 nm Laser ∼ 2.9 - 6.7
514 nm Laser decoupled 514, laser ∼ 3.1
401 nm Laser ∼ 3.1
375 nm Laser ∼ 0.2
Table 3. Approximate values for surface power density of the light sources used for RSFP
switching on both setups.
7.3 Algorithms
The SOFI algorithm used for all calculations in this work was written by Simon
Christoph Stein, University of Göttingen.
The script for analysis of the RSFP photoswitching was based on a script kindly
provided by Azat Sharipov, group of Prof. Dr. Theo Lasser, Laboratoire d'Optique
Biomédicale, École polytechnique fédérale de Lausanne, Switzerland.
STORM data were analyzed using rapidSTORM [66].
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8 Supplementary data
8.1 Determination of photoswitching
In contrast to rsEGFP(N205S) and Dreiklang, the photoswitching of rsFastLime,
Dronpa(M159T), rsEGFP, and rsEGFP2 frequently deviated from the expected de-
pendence on the irradiation intensities.
8.1.1 rsEGFP
τoff of rsEGFP (Fig. 42) decreased with increasing intensity of the o-switching
light under all irradiation conditions. Furthermore, the τoff curves were almost








(a) 488 and 401 nm LED








(b) 514 and 401 nm LED








(c) 488 and 401 nm laser
Figure 42. rsEGFP photoswitching kinetics under dierent irradiation conditions.
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identical for dierent intensities of 375 nm, thus showing all estimated dependencies.
This was not the case for τon, where the values were not independent of the o-
switching intensity, contrary to expectations. Moreover, τon values were frequently
negative. This is physically impossible and indicates large deviations from the model
for chromophore switching that the analysis was based on.
8.1.2 rsEGFP2
rsEGFP2 showed interesting photoswitching under 488 and 401 nm LED irradiation
(Fig. 43a and Fig. 43b). While the τoff values at the lower 401 nm intensity (0.04








(a) 488 and 401 nm LED








(b) 488 and 401 nm LED
(without τon of 0.02 % 401 nm)








(c) 514 and 401 nm LED








(d) 488 and 401 nm laser
Figure 43. rsEGFP2 photoswitching under dierent irradiation conditions.
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%) were roughly as expected, τoff at the higher 401 nm intensity and τon at all
intensities lacked any clear dependencies. Under 514 and 401 nm LED irradiation
(Fig. 43c), the dependencies of the lifetimes on the irradiation intensities were closer
to the estimations. A notable exception was the large dierence between the values
of τoff for both 401 nm intensities. Under laser irradiation (Fig. 43d), both τoff
curves had similar values and showed the expected decrease (from 108 to 40 ms for
0.01 % and from 113 to 39 ms for 0.03 % 401 nm intensity). The values of τon, on
the other hand, were mostly negative and had large standard deviations.
8.1.3 rsFastLime








(a) 488 and 401 nm LED








(b) 514 and 401 nm LED








(c) 488 and 401 nm laser
Figure 44. rsFastLime photoswitching under dierent irradiation conditions.
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For all studied irradiation conditions, τoff of rsFastLime showed the estimated de-
pendence on the irradiation intensities (Fig. 44). The only exception was the dier-
ence of the curves for dierent intensities of 401 nm irradiation for 514 and 401 nm
LED irradiation (Fig. 44b). τon values were largely negative with large standard
deviations, similar to the results obtained for rsEGFP and rsEGFP2 photoswitching.
8.1.4 Dronpa(M159T)
τoff for Dronpa(M159T) showed the estimated dependence on 488 and 401 nm LED
as well as laser irradiation (Fig. 45). For most intensities, however, τon was not
constant with respect to 488 nm irradiation, but decreased with increasing intensity.








(a) 488 and 401 nm LED








(b) 488 and 401 nm LED
(without τon of 0.04 % 401 nm)








(c) 488 and 401 nm laser
Figure 45. Dronpa(M159T) photoswitching under dierent irradiation conditions.
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8.1.5 Discussion
The measured dependencies of the negative photoswitching of rsEGFP, rsEGFP2,
rsFastLime, and Dronpa(M159T) on irradiation intensities deviated considerably
from the estimations. This indicated additional eects that were not taken into
account by the model. Although SOFI is exible with regard to the intensity uc-
tuations of the labels, precise control of the photoswitching is favorable. In order
to control the photoswitching, reliable measurements of the on- and o-times are
necessary. If the perceived lifetimes of proteins deviate too much from the actual
lifetimes, adjusting the on- and o-times to desired values is not possible. Proteins
whose photoswitching severely deviates from the model are therefore not suitable as
labels for SOFI.
The frequently observed decrease of τoff with increasing intensity of 488 nm irra-
diation suggests extra on-switching, and diering τon curves for dierent intensities
of 401 nm irradiation indicate thermal relaxation. Eects that impair the accuracy
of the ts include bleaching as well as poor SNR, to which an ensemble of emitters
with very long o-times is especially prone.
For proteins with negative switching, τrise is determined under irradiation with
both on- and o-switching light, as the o-switching light is necessary to elicit uo-
rescence. As a result, τrise measures the competing processes of on- and o-switching.
The lifetime of the o-state τon is calculated from τoff = τfall and τrise according to
1/τon = 1/τrise−1/τfall (Eq. 15). The corresponding rate constants koff and kon then
depend only on 488 nm and 401 nm irradiation, respectively. However, due to ad-
ditional on-switching mediated by 488 nm irradiation, the rate constants measured
in the experiments (koff_app and kon_app) consist of the actual constants (koff and
kon) and an additional rate constant kx, leading to
koff_app = koff − kx (17) and kon_app = kon + kx. (18)
The eciency of the on-switching is higher for shorter wavelengths. Consequently,
the eect was strongest for 488 nm LED irradiation, which contained wavelengths
as short as 475 nm, and weak for 514 nm LED and 488 nm laser irradiation. Fur-
thermore, the extra transitions to the on-state had the strongest eect on the τon
curves for low 401 nm intensities, because there the ratio of additional on-switching
mediated by the o-switching light (488 or 514 nm) to the desired on-switching me-
diated by 401 nm irradiation is the largest. The eect of the additional on-switching
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